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Abstract 
 
The Electrical design of the 10kW Photovoltaic (PV) Trough Concentrator System involves 
the use of equipment from the original Rockingham Campus PV system to achieve the aim of 
exporting power to the South West Interconnected System (SWIS) electrical grid. 
The 10kW system has been designed to all relevant Australian Standards, in particular 
AS5033:2005 Installation of photovoltaic (PV) arrays and AS4777:2005 Grid connection of 
energy systems via inverters. 
Using the university’s Spire Solar Simulator, all 80 of the photovoltaic receivers have been 
tested for functionality and degradation, and from these test results the most suitable 40 
receivers in terms of power output and mismatch effects were selected and installed. 
The results have been documented and placed into the university’s engineering computer 
directory for future reference. 
The test results have enabled the electrical design and configuration for the PV array to be 
completed with the inverter and associated electrical equipment specified. 
Part B of this report involved two additional projects that were undertaken. The first being the 
overhaul of an unsafe PV array structure that required major repairs to enable the array to be 
moved, and the second, the design and implementation of two new structures including 
fabrication and construction of new beams, bearings and gearboxes, to enable future PV 
arrays to be constructed for future use by engineering students. 
These two tasks required project management skills to liaise, communicate and supervise with 
contractors that were sourced for the projects. The projects were completed safely and to a 
high standard. 
The 10 kW PV array, though not yet electrically connected, has shown under concentration 
tests that it can produce up to approximately 80% of its rated output power when the receivers 
are aligned correctly. 
In view of the above, the PV array when connected should perform close to design 
specifications and should be an invaluable tool for the learning requirements of future 
engineering students. 
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Glossary 
 
𝑨𝑨𝑨𝑨 
 
Alternating Current 
Active conductor 
 
Conductor not directly connected to earth 
Bypass diode 
 
 
 
A diode connected across a module of cells that 
conducts if the module becomes reverse biased or 
open circuited to protect the module 
Earthing electrode 
 
 
 
A metallic rod that is driven into the ground to a 
specified depth so that the electrical system can be 
connected to ground 
𝑫𝑫𝑨𝑨 
 
Direct Current 
Grid connected 
 
 
 
PV system that is connected to the electrical grid 
through an inverter and does not have a storage 
system 
Inverter 
 
 
The device that converts direct current to alternating 
current to supply power to the electrical grid 
Junction box 
 
 
Enclosure where electrical terminations/connections 
are made 
𝑷𝑷𝑽𝑽 
 
Photo Voltaic 
PV array 
 
 
 
The complete PV system consisting of PV modules 
connected in series/parallel configuration to attain 
required power output 
PV cell 
 
 
Electronic device to convert solar energy to electrical 
energy 
PV module 
 
 
A combination of PV cells connected in series to 
increase the voltage output 
PV string 
 
A combination of PV modules connected in series 
PV system 
 
 
System comprising PV array, inverter and associated 
equipment 
Surge protection device (SPD) 
 
 
Device to protect an electrical system from the danger 
of high voltage spikes 
𝑻𝑻𝑷𝑷𝑻𝑻 
 
 
Thermo plastic sheathed 12 
 
Type 1 surge arrester 
 
 
 
Surge arrester designed to dissipate energy caused by 
an overvoltage comparable to that of a direct lightning 
strike. 
Type 2 surge arrester 
 
 
 
Surge arrester designed to dissipate energy caused by 
an overvoltage comparable to that of an indirect 
lightning strike or an operating overvoltage 
𝑽𝑽 
 
Volt 
???????? 
 
Kilowatt 
𝑴𝑴𝑷𝑷𝑷𝑷 
 
Maximum power point 
SWIS 
 
South West Interconnected Grid 
8/20 wave 
 
 
Low energy current waveform which passes through 
equipment when subjected to overvoltage 
10/350 wave  Current waveform which passes through equipment 
when subjected to overvoltage due to a direct 
lightning strike 
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1 Introduction 
 
The original photovoltaic trough system was a 20kW demonstration project that comprised  
80 receivers and mirror sections. The system was built using Australian National University 
(ANU) solar cell technology and was built by a consortium comprising Western Power, ANU 
and Solar Hart industries (1). 
The PV system was connected to the electrical grid in July 2000 (2)but had operating 
problems with the tracking system and the inverters. The system was later disconnected when 
Western Power handed it over to Murdoch University. 
The decision was made by Murdoch University Engineering Department to redesign, 
downscale and relocate the system using salvaged parts from the original 20kW model.  
 A new electrical design was required that would complement the new system. The design 
was to incorporate modern components suitable for the conversion of electrical energy to the 
electrical grid.  
The new system comprises 40 separate 250W modules connected in a series/parallel array 
configuration to output up to 10kW of power. 
At the start of this project the new systems structure had  already been installed at the 
Murdoch University South Street Campus, directly behind the RISE outdoor test area, as 
shown in figure 1. 
 
 
Figure 1 Location of PV trough system (3) 
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Thesis Overview 
 
The thesis presents the electrical design and components required for the 10kW Photovoltaic 
Trough Concentrator System to be successfully connected to the electrical grid. The functions 
and workings of the individual components will be explained to aid in the understanding of 
the design.  
The thesis also describes the project management process that went into the repair of the 
many structural defects that were inherent in the photovoltaic system as well as the design and 
installation of two smaller systems that will be used for teaching purposes in the future.  
Finally, the thesis concludes with the current state of the project and commentary for further 
development of the system. 
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2 Renewable Photovoltaic Energy 
 
The 10kW concentrating PV system that is the subject of this thesis will convert renewable 
solar energy into useful electrical energy via the direct conversion of sun light. The electrical 
energy that it will produce does not pollute, i.e.it has no emissions, and the energy will be 
available whenever the sun’s rays are falling on the system. 
One definition of renewable energy is:  
“Energy that is obtained from sources that are essentially inexhaustible, unlike the fossil 
fuels, of which there is a finite supply. Renewable sources of energy include wind and solar 
energy”. (4) 
Renewable energy sources are becoming more important and will supply a larger percentage 
of the world’s energy requirements in the future. Issues such as climate change, peak oil and 
the finite supply of fossil fuels are leading the world to embrace these renewable technologies, 
resulting in larger scale projects with the subsequent narrowing in the pricing per kilowatt 
hour differential between finite and renewable resources. 
The amount of solar energy that falls on the earth’s surface far exceeds the energy content of 
all finite resources, as shown in figure 2. This makes solar energy an excellent alternative 
energy supply. A quote from the German Solar Energy Society manual “Planning and 
Installing Photovoltaic Systems” states: 
“The amount of energy in the sunlight reaching the earth’s surface is equivalent to around 
10000 times the world’s energy requirements. Consequently only 0.01 per cent of the energy 
in sunlight would need to be harnessed to cover mankind’s total energy needs”. (5) 
 
 
Figure 2 Energy content of annual solar radiation reaching the earth’s surface in 
comparison to worldwide energy consumption and fossil and nuclear energy resources 
(6) 
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3 Photovoltaic Systems 
 
As stated previously, a PV system converts solar energy to electrical energy. These systems 
have proven their reliability to generate electrical power from conditions varying from the 
harsh winter conditions found in European countries such as Germany to the intense heat and 
rainy seasons of the African Savannah.  
 Photovoltaic modules presently being manufactured are being guaranteed for up to 25 years 
with 90% of rated power output after ten years and 80% of rated power output after 25 years. 
(7) 
Photovoltaic systems also have the advantage of low maintenance costs when compared with 
conventional power systems such as coal and gas fired generators and have the added bonus 
that there are no fuel costs associated with photovoltaics, as the energy from the sun is free. 
There are, however, disadvantages of photovoltaic systems including the initial cost of the 
system, the variability of solar radiation, the efficiency of the modules, (although the 
efficiency is progressively increasing,) and problems of energy storage when the sun is not 
shining. 
3.1 Photovoltaic cell theory 
 
A photovoltaic cell is a device that converts solar energy (sunlight) into electrical energy. This 
is achieved by a process termed the photovoltaic effect. 
The photovoltaic (photo meaning light and voltaic meaning electricity or voltage) (8) effect is 
based on the conversion of sunlight into electrical energy by the use of solar cells that utilise 
semiconductor materials. 
The cells are typically made of silicon which is a semiconductor material with four outer 
valence electrons. 
The silicon semiconductor is doped with atoms that have either one more electron (e.g. 
Phosphorous) to create negatively doped or N-type silicon or one less electron (e.g. Boron) in 
their outer valence cell to make positively doped, P-type silicon. (5) The semiconductor is 
doped because in its pure form the crystal lattice structure of the semiconductor has a stable 
electron configuration that is not conducive to the flow of electrons to create current flow. 
When the N-type silicon is connected to the P-type silicon an electrostatic field is formed at 
the junction because the free electrons from the N-type silicon diffuse to the P-type silicon 
and holes from the P-type silicon diffuse to the N-type silicon .Equilibrium is eventually 
reached where no further diffusion occurs. The region where this happens is known as the 
space charge region. 
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When photons, which are discrete bundles of light energy (9), fall upon the solar cell, the 
photons are absorbed by the electrons, thereby freeing electron – hole pairs, which results in a 
voltage drop across the solar cell, and if an external load is connected the useful current will 
flow. Figure 3 shows this effect. 
 
’ 
Figure 3 Photovoltaic cell construction (10) 
 
Photovoltaic or solar cells by themselves can only provide a small voltage (the cells used in 
the PV concentrator system typically had an open circuit voltage of 760𝑚𝑚𝑚𝑚) and provide 
very little power and thus are of limited value by themselves. 
To increase the power output the cells are connected together in a series formation to form a 
module or solar panel, by connecting the cells in series the voltage output can be increased to 
a useful level. 
The resulting modules can then be connected again in series to increase the voltage output 
and/or connected in parallel to increase the current, to provide higher power outputs. 
 The series combination of modules is called a string. The strings can then be configured in 
series/parallel configurations termed arrays to provide the required output power. 
 
 
Loa
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4 Grid connected PV system 
A grid connected system is one in which the PV array is directly connected and synchronised 
to the electrical supply grid. The synchronisation process and the conversion from direct 
current power to alternating current power are established by the use of a device called an 
inverter. The output AC waveform from the inverter should match the voltage, frequency and 
power quality limits as specified by the supply network. 
In the grid connected type of system there is no storage mechanism for the electrical energy 
such as a battery bank and if the array is not synchronised to the grid then no power will flow 
into the network. Figure 4 is an illustration of how the PV array is connected to the electrical 
grid. 
 
Figure 4 Example of grid connected PV system (11) 
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4.1 PV Concentrator system 
The concentrator system utilised in the PV array consists of parabolic mirrors that concentrate 
the incoming direct beam sunlight onto the solar cells that are positioned at the correct focal 
distance from the mirrors. 
The amount of direct beam radiation impacting on the parabolic mirrors is the total amount of 
solar radiation minus the scattered and diffuse radiation that is due to dust and pollutants in 
the atmosphere, and is further reduced by the radiation reflected from clouds and radiation 
absorbed by the atmosphere. Figure 5 indicates the various factors affecting the direct beam 
radiation. 
 
Figure 5 Diagram showing the factors affecting the amount of solar energy reaching a 
surface and the direct beam radiation used by the PV trough system (12) 
 
Solar cells for concentrator systems typically have a higher efficiency than normal PV cells; 
the cells manufactured for the system that is the subject of this report have an average 
efficiency of 22% (13). 
The PV trough system can concentrate the sun up to 24 times so that theoretically 24 times 
fewer cells need to be produced than if the system was designed using flat plate solar 
collectors. 
One of the major reasons for using concentrator systems is that the cost of manufacturing the 
parabolic mirrors is far cheaper than the cost of manufacturing the high efficiency solar cells, 
and for a given power output the system may be less expensive. 
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Figure 6 shows the relationship between the parabolic mirrors and the PV cells used in this 
system as compared to a conventional solar panel. 
 
Figure 6 Trough concentrator module compared to conventional type module. (1) 
 
The reason parabolas are used for the mirror section is that they concentrate the sun’s energy 
onto a single axis focal point, the focal point for the PV array being the receiving solar cells. 
Figure 7 shows the sun’s rays being concentrated onto the receiver. 
 
 
Figure 7 Principle of concentrating system (15) 
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4.1.2 Tracking systems for concentrator systems 
  
The sun constantly moves across the sky throughout the day, and because a concentrator 
system requires direct beam radiation to operate efficiently a tracking system must be utilised 
that constantly focuses the sun’s rays from the mirror to the receiver. 
A dual axis tracking system is generally utilised in concentrator systems. A dual axis tracking 
system can track the sun’s movement from east to west and also accounts for the seasonal 
variations in the suns position throughout the year by driving the system in a North/South 
direction. 
The major problems with tracking systems are their complexity, initial capital start up 
requirements and because of the constant movement they are prone to wear and tear thus 
necessitating vigilance in monitoring the tracking systems continuous functioning and 
accuracy. 
 
4.2 Inverter Maximum Power Point Tracking 
A maximum power point tracker is an electronic device built into the inverter that enables 
higher power outputs to be obtained from a PV array. The tracker is not a mechanical device 
that moves the modules to physically track the sun. 
With no load connected to a PV cell and sunlight falling on the cell, the voltage developed 
across the cell will be at a maximum.The maximum voltage is termed the open circuit voltage 
 𝑚𝑚 𝑜𝑜𝑜𝑜. In this situation there will be no current flow. 
When a load is connected to the cell, the cell starts to produce power and the voltage from the 
cell will drop slightly with an increase in current.If more load is added the voltage will again 
drop slightly with a further increase in current flow. If the cell is shorted out the voltage falls 
to zero but the current produced will be at a maximum. This maximum current is termed the 
short circuit current 𝐼𝐼𝑠𝑠𝑜𝑜. 
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A typical current- voltage (IV) curve that illustrates the above explanation is shown in figure 
8. 
 
Figure 8 Illustration of IV curve showing maximum power point (16) 
 
DC power is the product of the voltage and the current. When the voltage is at a maximum 𝑚𝑚 𝑜𝑜𝑜𝑜 
and the current is zero then no power is produced. Similarly, when we have a maximum 
current 𝐼𝐼𝑠𝑠𝑜𝑜 and zero voltage, no power is produced.  
In between these two extremes, power is produced, and there is a spot where it is at a 
maximum. This spot is called the maximum power point 𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃.  
An array’s power output depends on the amount of sunlight reaching the cells, the 
temperature of the cells and the load conditions, and so the maximum power point will vary 
throughout the day. 
The purpose of a maximum power point tracker is to keep the power output from the array at 
its peak by taking into consideration the fluctuating conditions throughout the day. 
There are many ways in which MPPT can be determined but the most common method seems 
to be the Enslin and Snymam “Perturb and Observe” (P&O) method (17) (18). With this 
method the MPP tracker increases or decreases the array voltage (Perturb) and then checks to 
see if the power output from the array has changed. (Observe). The tracker then adjusts the 
voltage from the array to maximise the power output from the array. This process is done 
continuously. 
Generating maximum power and hence efficiency from the PV system at all times requires 
the voltage output from the array to be within the MPP tracker tolerances that the inverter 
specifies, which is why it is very important to match the array voltages to the inverter under 
all temperature conditions. 
 
Max. Power 
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5 Existing system  
The existing 10kW array had been relocated from the original Rockingham site to the new site 
at the Murdoch University South Street campus. In the process of relocation the structure was 
completely dismantled and then reconstructed at the new site. The reconstruction of the array 
was not up to the standards of mechanical strength and safety required for a large mechanical 
structure that moves and is exposed to powerful winds. This necessitated additional work to 
bring the structure up to an acceptable standard. 
The system is supported by six vertical support posts that are held in place by large concrete 
pads. The posts support horizontal beams which the photovoltaic panels are connected to. The 
arrangement of the PV system is shown in Figure 9. 
 
 
Figure 9 Configuration of new PV concentrator system (18) 
 
5.1 Cells 
The PV trough system uses parabolic mirrors to concentrate sunlight onto solar cells typically 
at 20 to 30 suns. The term “suns” is simply a multiple of the suns light intensity 
where 𝑜𝑜𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑜𝑜 = 1000𝑊𝑊/𝑚𝑚2. 
Each of the cells has an area of 20cm
2 and was produced on 0.5 ohm/cm. 300 micron thick 
100mm diameter float zone silicon wafers. (13) The minimum efficiency for each cell is 20% 
but the average cell efficiency is close to 22% at 20-30 suns. 
The cells were tested at 24 suns and the typical results were an open circuit voltage of 
760mV, a fill factor of 0.78 and a short circuit current of 12 Amps. (1) 
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Each module has 31 cells connected in series and is rated at 250W, an example of a cell 
module with an aluminium heat sink designed to dissipate the heat from the cells is shown in 
figure 10. 
 
Figure 10 Cell module showing finned aluminium heat sink 
 
5.2 Mirrors 
 
There are a total of 40 mirrors to be used in the system, with a total reflector area of 75m
2. 
The mirrors are made from laminated glass with a parabolic profile which encapsulates a 
silver mirror film. 
The mirrors are designed to 
-  have impact resistance sufficient to withstand hail damage, handling and transport; 
 
-  have abrasion resistance sufficient to withstand sand blast in dust storms and when 
cleaning; 
 
-  be rigid enough to withstand large wind loads; 
 
-  have corrosion resistance sufficient to ensure a long life.  (1) 
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5.3 Tracking system 
 
A two axis tracking system controls the movement of the modules both East to West and 
North to South to allow the receivers to continually follow the sun to the accuracy of 0.5
o that 
is required by this type of concentrator system. 
The 40 modules are mechanically linked to two motors, one motor controls the tilt and the 
other controls the roll. 
The tracking system uses feedback control from the position of the module in comparison to 
motor reference points calculated for the particular time of day. 
The controller has an internal clock that, when combined with the date, latitude, longitude and 
time zone, is used to calculate the sun angle.(19) 
5.4 System Specifications 
Table 1 summarises the overall system specifications. 
Table 1: System specifications for 10 kW array (1) 
Description  Data 
Overall Length  40 metres 
Mirror Aperture  1600mm by 1170mm 
Number of Mirrors  40 
Total Reflector Area  75𝑚𝑚2 
Concentration Factor (Geometric) 
                                        (Actual) 
30:1 
24:1 
Cell Efficiency (Nominal)  22% under concentration 
Power Output per Trough Module  250Watts peak (SOC) 
Power Output of System  10kWp DC 
Tracking Mechanism  2 Axis (accurate to within 0.5 degrees) 
Tracking Limits  
Tilt 
Roll 
 
38 degrees South, 79 degrees North 
+/- 63 degrees 
Total System Efficiency  13% 26 
 
6 Methods used in the implementation of the project 
The Clean Energy Council issues guidelines on how to design a PV system. The basic design 
method they recommend is: (20) 
1.  Determine the main design criteria 
2.  Obtain relevant information based on critical design criteria 
3.  Determine the size of the inverter 
4.  Determine the size of the interconnection cables to minimise system losses. 
The following sections detail the steps that were taken in following these guidelines. 
6.1 Identification and dismantling of receivers 
 
The first task considered appropriate for this project was to identify each of the 80 receivers 
by assigning each of them a number so that information from testing could be attributed to a 
particular module. 
Forty of the receivers were found lying on the ground around the PV array and after cleaning 
and identifying them they were placed in a sea container located close to the array for future 
testing.  
The remaining 40 modules were attached to the PV array structure by the contract workers 
after it was moved to the new site from the Rockingham site. However as there was no way of 
knowing if these receivers were functioning or not they had to be taken down from the array 
so they also could be tested. 
The problem with taking the receivers down was that the receivers were attached to the 
structure at a height of approximately 2 ∙ 5 metres by nuts and bolts that were rusty and 
difficult to undo. The receivers were also heavy and long making them difficult to handle and 
the large mirrors below the receivers obstructed access to the receivers. 
To compound the problem there were structural issues such as missing bolts, tech screws in 
place of bolts, misaligned parts of the structure and burnt out tracking motors resulting in the 
inability to move the modules to a position that made the job of dismantling the receivers 
easier and safer. 
To enable the receivers to be taken down while satisfying the University’s safety 
requirements, a job safety analysis (JSA) was completed.(Appendix I) A JSA is a plan that 
addresses safety issues concerned with each separate stage of a job. 
The receivers were then safely dismantled, cleaned and made available for testing. 
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6.2 Testing 
The next phase of the project was to conduct an IV curve and power output test on each of the 
modules using the University’s Spire Solar Simulator. The purpose of the tests was to 
ascertain the overall condition of the modules so decisions could be taken on which modules 
would be used in the concentrator system. 
The receivers have to stabilise to a temperature of 25℃ before being tested. This takes a few 
hours in the air conditioned room that houses the solar simulator and so the modules were left 
overnight to stabilise to the required temperature. 
To make sure the results from the solar simulator are accurate, a reference cell similar to the 
cells being tested is used as a calibration reference for the absolute light intensity. 
Parameters are then entered into the computer such as the type of cell, how many cells in 
series in the module and how many are in parallel, the light intensity and the reference cell 
calibration constants. 
The test module is connected with the correct polarity to the leads and the shelf that the 
module sits on is slid closed and the test started. The physical connection and placement of 
the module on the simulators shelf is shown in figure 11. 
 
 
Figure 11 Connection and placement of PV module for testing 
 
During the test a xenon light fires two pulses per second and when the variable light intensity 
of the pulse goes above the trigger point of the standard cell that was preset by the computer, 
a sample of the current and voltage across the test module is taken, the sample is then stored 
and updated after each flash of the xenon lamp (21) 
After the test is completed the results can be saved and printed for reference.  
Appendix A has the complete results from the solar simulator tests. 28 
 
When using the solar simulator the PV panels being tested are normally placed in the bottom 
corner of the test bed, but the receivers from the concentrator system were too big and bulky 
to fit there and so the simulator had to be modified by taking out metal support beams so the 
modules could fit in. 
This led to an important discovery that modules placed in the normal testing position gave out 
approximately 4% less power output than modules that were placed centrally on to the 
simulator test bed. The theory of operation section: 6.1 of the Spire operations manual(21) 
states that “plus or minus 3% uniformity is achieved over the quoted maximum panel area” 
The area of the bed is larger than the maximum quoted area covered by the cells so it would 
be prudent to move the test area normally used to attain more defined results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 29 
 
6.3 Results from test 
 The parameters the simulator calculates after each test are  
Voltage open circuit   𝑚𝑚 𝑜𝑜𝑜𝑜      Current short circuit   𝐼𝐼𝑠𝑠𝑜𝑜 
Power maximum   𝑃𝑃 𝑚𝑚      Voltage at maximum power   𝑚𝑚 𝑝𝑝𝑚𝑚 
Current at maximum power   𝐼𝐼𝑝𝑝𝑚𝑚    Fill factor 
Series resistance   𝑅𝑅𝑠𝑠        Shunt or parallel resistance  𝑅𝑅𝑠𝑠ℎ 
Figure 12 gives a pictorial representation of tests that were carried out showing a satisfactory 
module compared to a module that would not be used in the array 
 
Figure 12 Example of test results from solar simulator. The left hand curve is a good 
module and the right hand trace indicates a poor module. 
 
15 of the 80 receivers (18.75%) tested were either open circuited or produced very low output 
power results and could not be used. Other receivers had cracked glass on the surface of the 
cells, although the test results proved adequate it was considered prudent not to use these 
receivers on the PV system.  
Even though there were 80 receivers in total, after accounting for the above issues there were 
fewer receivers that could be used with confidence. Table 2 gives a summary of results from 
the 40 modules that were reinstalled back on to the PV array. 
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Table 2: Summary of test results for the 40 modules that were installed on the PV array 
   PV Trough receivers  test data (as installed on system) 
Position 
in 
system 
Panel 
Number 
Voc    
(Volts) 
Isc 
(Amps) 
Pm  
(Watts) 
Vpm  
(Volts) 
Ipm        
(amps) 
Fill 
factor 
Rs   
(Ohms) 
Rsh   
(Ohms) 
Temp 
(degC) 
Sun    
(mW/cm2) 
1  42  19.43  0.606  9.47  16.93  0.559  0.804  1.8  531.3  22  100 
2  64  19.36  0.593  9.32  17  0.548  0.811  1.8  634.4  22  100 
3  44  19.3  0.604  9.16  16.73  0.547  0.785  1.86  404.3  22  100 
4  4  19.31  0.596  9.23  16.93  0.545  0.802  1.83  518.1  23  100 
5  47  19.22  0.585  9.05  16.64  0.544  0.805  1.88  478.2  22  100 
6  76  19.29  0.595  9.17  16.97  0.54  0.799  1.79  372.8  22  100 
7  9  19.13  0.587  8.96  16.58  0.54  0.797  1.9  554.6  22  100 
8  70  19.15  0.601  8.55  15.93  0.537  0.742  2.11  444.7  22  100 
9  58  19.15  0.586  8.88  16.68  0.533  0.792  1.89  511.8  22  100 
10  65  19.07  0.602  8.47  15.9  0.533  0.739  2.03  555.8  22  100 
11  57  19.02  0.575  8.74  16.44  0.532  0.8  1.9  628  22  100 
12  14  19.13  0.576  8.80  16.56  0.531  0.798  1.99  591.4  22  100 
13  41  19.34  0.601  9.03  17.02  0.53  0.776  1.85  499.3  22  100 
14  59  19.18  0.579  8.9  16.81  0.529  0.801  1.95  518.6  22  100 
15  11  19.18  0.592  8.86  16.92  0.524  0.78  1.88  301.3  22  100 
16  18  19  0.576  8.43  16.07  0.524  0.77  2.03  608.2  22  100 
17  63  19  0.568  8.66  16.54  0.523  0.802  2  529.3  22  100 
18  37  19.27  0.587  8.86  17.03  0.521  0.783  1.88  492.1  21  100 
19  38  19.11  0.571  8.67  16.66  0.521  0.795  1.88  442.6  21  100 
20  39  19.01  0.576  8.4  16.15  0.521  0.767  2.16  395.8  22  100 
21  60  18.74  0.559  8.17  15.78  0.518  0.779  2.55  646.4  22  100 
22  62  18.76  0.565  8.1  15.65  0.518  0.764  2.73  460.4  22  100 
23  53  18.73  0.568  8.17  15.82  0.517  0.768  2.27  543.2  22  100 
24  33  19.24  0.573  8.67  16.95  0.512  0.786  1.92  525.4  22  100 
25  10  18.99  0.56  8.51  16.61  0.512  0.8  2.03  479.6  22  100 
26  19  18.77  0.575  8.17  15.96  0.512  0.758  2.22  462.5  22  100 
27  29  19.06  0.553  8.48  16.63  0.51  0.804  1.98  459.5  21  100 
28  36  18.73  0.561  8.03  15.76  0.51  0.765  2.36  559.4  21  100 
29  30  19.13  0.554  8.54  16.83  0.507  0.806  1.89  499.6  21  100 
30  13  19.09  0.561  8.45  16.7  0.506  0.788  2  444.2  22  100 
31  67  18.79  0.559  7.94  15.75  0.504  0.756  2.33  660.7  22  100 
32  3  18.55  0.556  7.86  15.62  0.503  0.762  2.24  389.7  23  100 
33  80  18.62  0.555  7.81  15.58  0.501  0.757  2.38  675.3  22  100 
34  40  18.82  0.537  8.07  16.26  0.497  0.799  2.14  540.7  22  100 
35  51  19  0.534  8.29  16.72  0.496  0.817  1.96  683  22  100 
36  8  18.74  0.546  7.95  16.04  0.496  0.777  2.23  427.5  23  100 
37  55  19.11  0.537  8.26  16.76  0.493  0.804  2  419.5  23  100 
38  50  18.8  0.558  8.09  16.54  0.489  0.77  2.13  499.2  22  100 
39  32  18.83  0.543  7.98  16.32  0.489  0.78  2.16  377.7  22  100 
40  6  18.99  0.554  8.16  16.75  0.487  0.776  1.99  277  22  100 31 
 
6.4 Selection of 40 most suitable modules (mismatches) 
 
When selecting modules to install in a PV array it is of vital importance to match the electrical 
characteristics and type of module.  
If all the modules in a system have the same electrical characteristics and operate under the 
same conditions of insolation and temperature, then each module would have the same current 
and voltage output, i.e. the same IV curve. 
If this was the case then if the modules are connected in a series string the IV curve would 
indicate a proportional increase in voltage, and if connected in parallel a proportional  
increase in current would result. Figure 13 shows the general IV curve where cells with the 
same electrical characteristics have been connected in series and parallel to illustrate the effect 
where N is the number of cells in series and M is the number of cells in parallel 
 
Figure 13 IV curve showing relationship of several cells connected in series and parallel 
with similar electrical characteristics (22) 
 
Mismatches of modules occur when the electrical characteristics are different or when the 
modules are operating under different conditions of insolation and temperature. 
A mismatch is detrimental to the proper functioning of a PV array because the output from the 
array is dependent on the output of the worst performing module. The modules used in the PV 
trough system were all manufactured  under similar conditions, but after the initial testing of 
the modules, it was found that some modules had different short circuit current characteristics 
that would reduce the total systems output if installed. 
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In a series string of modules, the mismatch that is of most concern is the short circuit current 
of the module, as the total current output from the string is dependent on the current output 
from the module with the lowest current output, an analogy is the weakest link in a chain. The 
modules within a string must have close matching short circuit currents. Figure 14 shows how 
the total current is reduced by cells connected in series with a current mismatch. 
 
 
Figure 14 Current mismatch for cells connected in series (22) 
 
When selecting the modules for installation the electrical characteristics of the modules were 
taken into consideration. Table 3 below is a snapshot of the first string of 10 modules that 
were installed in the system, showing the small deviations of the short circuit currents 
between modules. 
Table 3: Short circuit current deviation for first 10 modules installed 
Position 
in 
system 
Panel 
Number 
Voc    
(Volts) 
Isc 
(Amps) 
Pm  
(Watts) 
1  42  19.43  0.606  9.47 
2  64  19.36  0.593  9.32 
3  44  19.3  0.604  9.16 
4  4  19.31  0.596  9.23 
5  47  19.22  0.585  9.05 
6  76  19.29  0.595  9.17 
7  9  19.13  0.587  8.96 
8  70  19.15  0.601  8.55 
9  58  19.15  0.586  8.88 
10  65  19.07  0.602  8.47 
 
The median value calculated for 𝑚𝑚 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑠𝑠 19.255𝑚𝑚,the maximum variation around the mean 
was a maximum of 0.185𝑚𝑚. The difference between the highest and lowest 𝑚𝑚 𝑜𝑜𝑜𝑜 is 0.36𝑚𝑚. 
The median value for the 𝐼𝐼𝑠𝑠𝑜𝑜 𝑤𝑤𝑤𝑤𝑠𝑠 0.5955𝐴𝐴, the maximum variation around the median was 
 0.0105𝐴𝐴 The difference between the highest and lowest 𝐼𝐼𝑠𝑠𝑜𝑜 values is 0.021𝐴𝐴 33 
 
7 Electrical design of the project 
The electrical design for the PV concentrator system involves undertaking logical systematic 
steps to ensure the design is suitable and that the various components are safely and 
efficiently matched to ensure the reliable operation of the system. 
The electrical compliance of the system to relevant Australian standards is paramount and the 
standards pertaining to the installation have been comprehensively utilised to ensure 
compliance. These standards include: 
•  AS3000 Wiring Rules 
•  AS3008.1 Electrical Installations-Selection of Cables 
•  AS4509 Stand Alone Power Systems 
•  AS4777 Grid Connection of Energy Systems Via Inverters 
•  AS5033 Installation of Photovoltaic (PV) Arrays 
•  AS1768 Lightning Protection 
The following sections explain how the configuration for the array was determined, and how 
the inverter was selected and specified and then checks that the electrical specifications that 
are required by the inverter are complied with. 
The required cable sizing for different sections of the installation and the maximum power 
losses in these cables are calculated to ensure the total power losses for the system are kept to 
a minimum. 
 
7.1 System configuration and details 
 
Several different system configurations were considered, that use the 40 available PV trough 
modules. The configuration chosen was two parallel strings of 10 modules each giving a total 
of 20 modules. If this design proves successful then it can be repeated for the remaining 20 
modules. 
Having two parallel strings means that the voltage is reduced by half compared to a series 
connected string of 20 modules. This is particularly important for the modules used in this 
project as there is no paperwork or system details that state what voltage the individual 
modules can withstand. The original system only had 8 modules connected in series which 
appeared to be more for the selected inverter requirements but none the less it was considered 
prudent to not exceed the original voltage configuration by too great an extent. 
 
 
 
 34 
 
As stated, there are no specifications for the PV modules with regards to voltage limitations.  
A decision was then made after consultation with Dr Martina Calais (Murdoch University 
thesis supervisor) and an email conversation with John Smeltlink, ANU (Appendix C) who 
was the designer of the Rockingham system, that a maximum of 10 modules connected in 
series would be the upper limit for protection of the modules voltage capabilities with the 
added condition that suitable bypass diodes be connected across each module to limit the 
voltage across a module due to open circuits or shading issues. 
The maximum criterion of only 10 modules in a series configuration brings a challenge to the 
final electrical design because the voltage output from the string is too low for the Maximum 
power point (MPP) tracking system that is available on most of the modern inverters 
approved by the new Clean Energy Council (23). The Clean Energy Council approve grid 
connected inverters and PV modules that are suitable for Australian government rebate 
programs and Renewable Energy Certificate (REC) schemes.  
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8 Inverter selection  
 
The inverter selection for the new PV trough system was dependent on factors such as the 
configuration of the system, the output voltage and current outputs from the array, the inverter 
MPP tracking requirements and obviously the power output rating from the PV array. 
The inverter also has to comply with the following Australian Standards: 
1.  AS 4777.2 - 2002 Grid connection of energy systems via inverters Part 2: Inverter 
requirements. 
2.  AS 4777.3 - 2002 Grid connection of energy systems via inverters Part 1: Grid 
protection requirements. 
3.  AS3100 – 2009 Approval and test specification – General requirements for electrical 
equipment 
Inverters must be tested against AS 4777.2 -2002 and AS4777.3 - 2002 by an appropriate 
testing laboratory.  
The inverter also has to be approved by the Clean Energy Council (23) 
For the theoretical 5kW configuration of the array, the inverter arrangement considered was to 
have one inverter of size sufficient to handle both the parallel strings that will feed power into 
one phase of the electrical grid. 
The output from the PV array is quite unusual, as the DC current is large and, because of the 
voltage limitation criteria of the modules previously mentioned, the DC output voltage is 
quite low. Due to these two factors there were very few inverters that would match the array 
requirements. 
To aid in choosing the most suitable inverter, further tests were conducted under full sun and 
concentration conditions after the modules were installed back onto the array. 
To conduct these tests the module positions had to be adjusted so that when the tracking 
system moved them to a suitable position the modules would experience the same 
concentration from the sun along their axis at the same time. This proved to be a very time 
consuming exercise as the maximum output from each individual module was not necessarily 
when the sun was concentrated in the middle of the cells window and thus numerous 
adjustments had to be made to each module to provide that module’s highest short circuit 
current. 
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The test was conducted under the supervision of Andrew Ruscoe from the Research Institute 
of Sustainable Energy (RISE). The test was undertaken with 5 modules wired in series under 
full sun, non cloudy conditions at an ambient temperature of 17℃.  
Figures 15 and 16 show two of the 5 modules at the time of the test, the bright light is the sun 
being concentrated onto the PV modules. 
 The results from the test were an open circuit voltage of 103V DC and a short circuit current 
of 11.5A, giving an average open circuit voltage of 20.6V.This was confirmed with separate 
voltage measurements on different modules along the array under the same atmospheric 
conditions. 
 
Figure 15 Test under concentration, No. 1 
of 5 modules 
 
 
Figure 16 Test under concentration, No.3 
of 5 modules 
 
 
The power output from the array is also required before making a decision on the size of 
inverter, and so a means of calculating the power output from the array was required. 
An IV curve tracer owned by the university that can measure the IV curve of arrays with high 
power outputs was going to be used to conduct tests to ascertain the power output from the 
array. Unfortunately the tracer was not working so another solution was required to calculate 
the overall power output from the array. 
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 The solution is provided by considering the module’s fill factor and  using the following 
equation: 
𝑃𝑃 𝑚𝑚𝑤𝑤𝑚𝑚 = 𝑚𝑚 𝑚𝑚𝑤𝑤𝑚𝑚 𝐼𝐼𝑚𝑚𝑤𝑤𝑚𝑚 = 𝐹𝐹𝐹𝐹𝑚𝑚 𝑜𝑜𝑜𝑜𝐼𝐼𝑠𝑠𝑜𝑜 
where 𝑃𝑃 𝑚𝑚𝑤𝑤𝑚𝑚 = 𝑡𝑡ℎ𝑜𝑜 𝑚𝑚𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚 𝑝𝑝𝑜𝑜𝑤𝑤𝑜𝑜𝑝𝑝 𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑠𝑠𝑜𝑜𝑜𝑜𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝 𝑚𝑚𝑜𝑜𝑝𝑝𝑠𝑠𝑚𝑚𝑜𝑜 
𝑚𝑚 𝑚𝑚𝑤𝑤𝑚𝑚 𝑤𝑤𝑜𝑜𝑝𝑝 𝐼𝐼𝑚𝑚𝑤𝑤𝑚𝑚  𝑤𝑤𝑝𝑝𝑜𝑜 𝑡𝑡ℎ𝑜𝑜 𝑚𝑚𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚 𝑣𝑣𝑜𝑜𝑚𝑚𝑡𝑡𝑤𝑤𝑣𝑣𝑜𝑜 𝑤𝑤𝑜𝑜𝑝𝑝 𝑜𝑜𝑠𝑠𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑡𝑡 𝑤𝑤𝑡𝑡 𝑚𝑚𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚 𝑝𝑝𝑜𝑜𝑤𝑤𝑜𝑜𝑝𝑝 𝑝𝑝𝑜𝑜𝑠𝑠𝑝𝑝𝑜𝑜𝑜𝑜𝑡𝑡𝑚𝑚𝑣𝑣𝑜𝑜𝑚𝑚𝑟𝑟 
and 𝐹𝐹𝐹𝐹 𝑚𝑚𝑠𝑠 𝑡𝑡ℎ𝑜𝑜 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑤𝑤𝑜𝑜𝑡𝑡𝑜𝑜𝑝𝑝 𝑜𝑜𝑓𝑓 𝑡𝑡ℎ𝑜𝑜 𝑚𝑚𝑜𝑜𝑝𝑝𝑠𝑠𝑚𝑚𝑜𝑜 
The fill factor is the ratio of the maximum power that can be generated from a photovoltaic 
cell, given by multiplying 𝑚𝑚 𝑚𝑚𝑤𝑤𝑚𝑚 𝑏𝑏𝑟𝑟 𝐼𝐼𝑚𝑚𝑤𝑤𝑚𝑚  to the theoretical power output obtained by 
multiplying the open circuit voltage( 𝑚𝑚 𝑜𝑜𝑜𝑜 ) and the short circuit current( 𝐼𝐼𝑠𝑠𝑜𝑜) of the cell as 
shown in figure 17. 
 
Figure 17 Graph showing relationship to ascertain fill factor (22) 
 
The average fill factor at one sun, taken from the results of initial testing of the 40 modules 
installed is 0.785. 
As stated previously the results from the test conducted under concentration conditions gave 
an average open circuit voltage of 20.6V and a short circuit current of 11.5A.  
These test results are valid only for the particular time and conditions of the test, and may not 
be a valid representation of the maximum power output for the system.  
The output power produced may be higher with cooler ambient temperatures or lower in 
warmer temperatures or in environments such as a cloudy day. 
The power that the system may produce is based on these test measurements. 
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The calculated power produced per module was approximately 186W, so for a string 
containing 10 modules the power produced would be 1860W. 
For two strings the power produced would be 3720W and the whole system would, based on 
the test results, produce 7440W. 
From the results of the tests a group of inverters was selected that satisfy the electrical 
requirements of the PV array. Table 4 shows a list of suitable inverters for either 2 parallel 
string configurations or single string configuration from the approved list of inverters from the 
Clean Energy Council. Appendix H shows the electrical specification for the selected 
inverters. 
Table 4: Suitable inverters for PV trough system 
Suitable inverters for two parallel strings  
Make 
MPPT Range 
(VDC) 
Maximum DC Input 
Current(A) 
Number of 
MPPT 
inputs  Rated Output(kW) 
              
Sunny Boy 4000TL  125-440  2 inputs @15A  2  4kW 
Sunny Boy 5000TL  125-440  2 inputs @15A  2  5kW 
PVI 3.6 OUTD-AU  120-530  2 inputs @16A  2  3.75kW 
              
Suitable inverters for single string 
Sunteams 2800  110-480  13A  1  2.8kW 
Kaco Powador 2002  125-510  14.3A  1  2kW 
Kaco Powador 
150xi  125-400  14.0A  1  1.58kW nom, 2kW Max 
Eversol -TV 2000AS  125-450  18A  1  2kW nom,2.3kW Max 
 
It is of interest to note that there are no inverters capable of actually having the two strings 
hard wired in parallel with one output from the solar string termination box because the 
current is too high. The larger inverters have two separate inputs to 2 maximum point 
trackers. 
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The inverter chosen is the Sunny Boy 5000TL. Appendix B has the complete electrical 
specifications for this inverter. The internal electronic assembly is shown in figure 18. 
 
Figure 18 Internal electronics for Sunny Boy 5000TL inverter (24) 
 
This inverter was chosen because there was already one available at the University and it 
satisfied all electrical requirements. This inverter also has two maximum power point trackers 
that can be used on each separate string for higher efficiency. The inverter is nominally rated 
at 5kW and until the modules have been tested in their normal operating environment with 
regards to their power output it was considered prudent to initially connect up half of the array 
to this inverter to ascertain the power the modules would actually produce. If the power 
output was drastically below what was expected then the configuration of the project could be 
changed to suit requirements. 
The Sunny Boy 5000TL would normally be regarded as too large an inverter for the 
configuration chosen. Typical crystalline module derating factors for temperature can be 
between 7.5% and 20%, and with other derating factors such as dirt, dust and mismatch losses 
contributing losses between 5% and 15% the inverter can be selected to have a peak output 
rating of 12% to 30% below the actual peak power of the array. The Australian 
recommendations are for the peak inverter power to be about 80% to 90% of the array peak 
power rating for crystalline modules. (20) 
8.1 Activation voltage 
One more consideration when selecting the inverter is the activation voltage. The activation 
voltage is the DC voltage required before the inverter will start feeding power into the grid. 
The activation voltage is set above the minimum MPP voltage to guarantee safe connection to 
the grid (24)The Sunny Boy 5000TL activation voltage is adjustable but it is important not to 
set it too low because of increased wear of components as an increased number of connections 
to the grid can occur. There were other approved inverters with an MPPT range starting at 
150V but when a 10% safety factor is considered the 142.71V minimum voltage (calculated 
in section 9.2 minimum voltage at inverter input) from the array was considered too low for 
these inverters.  40 
 
9 Compatibility of inverter to the PV concentrator array. 
 
The following sections show the calculations to ascertain the compatibility of the inverter 
voltage criteria to the array under maximum and minimum temperatures. The irradiation from 
the sun does not affect the voltage across the array too much but has a marked effect on the 
current output from the array. Therefore, only temperature considerations are considered. 
9.1 System parameters used in calculations 
 
The parameters that were required to validate the inverters compatibility to the 10kW PV 
array and utilised in the component selection and electrical design of the system are: 
•  Short circuit current 𝑰𝑰????????  
The short circuit current (𝐼𝐼𝑠𝑠𝑜𝑜) for the modules used was 14𝐴𝐴. This value was obtained 
from the data provided from the Research Institute for Sustainable Energy (RISE) 
testing at Murdoch University, where 14A was the highest short circuit current 
obtained from the testing results.  
 
•  Open circuit voltage 𝑽𝑽???????? 
An open circuit voltage of 23.56V was given by the Australian National University 
(ANU) (1). 
Tests that were undertaken previously on the Spire Solar Simulator, and verified by 
later testing of the 80 receivers showed that at one sun the open circuit voltage was 
actually between 18.5 to 19.5V. 
Further tests conducted after moving the array under concentration conditions showed 
the open circuit voltage was increased to an average of 20.6V per module. 
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The reason for the slightly higher 𝑚𝑚 𝑜𝑜𝑜𝑜  is that at higher concentration of light intensity 
𝑡𝑡ℎ𝑜𝑜 𝑚𝑚 𝑜𝑜𝑜𝑜  increases as shown in equation 1.(22) 
 
(1) 
 
where:  
𝑋𝑋 = The concentration factor (No. of suns) 
𝑞𝑞 = 𝑜𝑜𝑚𝑚𝑜𝑜𝑜𝑜𝑡𝑡𝑝𝑝𝑜𝑜𝑜𝑜𝑚𝑚𝑜𝑜 𝑜𝑜ℎ𝑤𝑤𝑝𝑝𝑣𝑣𝑜𝑜 − 1.602 × 10−19Coulombs 
𝑜𝑜 = The ideality factor for a diode (typically between 1 and 2) 
𝐾𝐾 = 𝐵𝐵𝑜𝑜𝑚𝑚𝑡𝑡𝐵𝐵𝑚𝑚𝑤𝑤𝑜𝑜𝑜𝑜′𝑠𝑠 𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑡𝑡 − 1.38 × 10−23 𝐽𝐽𝑜𝑜𝑠𝑠𝑚𝑚𝑜𝑜/𝐾𝐾 
𝑇𝑇 = 𝑡𝑡𝑜𝑜𝑚𝑚𝑝𝑝𝑜𝑜𝑝𝑝𝑤𝑤𝑡𝑡𝑠𝑠𝑝𝑝𝑜𝑜 𝑚𝑚𝑜𝑜 𝐾𝐾𝑜𝑜𝑚𝑚𝑣𝑣𝑚𝑚𝑜𝑜 
𝐼𝐼𝑜𝑜  = The reverse bias saturation current 
 
The ANU voltage of 23.56V will be used for 𝑚𝑚 𝑜𝑜𝑜𝑜, as this voltage is the worst case 
voltage for the calculation of the maximum open circuit voltage at the inverter. 
 
Voltage at maximum power point 𝑽𝑽???????????? 
The 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝  value is required for the calculations and so an approximation was made. 
The approximation for 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝  value was based on the 80 receivers that were tested with 
the solar simulator under standard operating conditions. The 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝  was approximately 
87% of the Voc value. 
The test results under concentration gave an open circuit voltage of 20.6Vwhich 
equates to a 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝  of 17.92V. This figure will be used for the calculation of the 
minimum 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝  at the inverter as it will give the worst case scenario. 
 
•  Cell temperatures  
The temperature of the PV cells, as found in information supplied by the Australian 
National University (ANU), remains around 30℃ above ambient temperatures when 
in operation. The maximum ambient temperature is not likely to exceed 40℃ , 
therefore the maximum temperature of the PV cells should not exceed a temperature 
of 80℃. 
The minimum temperature considered was 5℃. (1) 
 
•  Cell temperature coefficient 𝗄𝗄  
The voltage temperature coefficient per cell is 1.7𝑚𝑚𝑚𝑚/℃ (13). Because there are 31 
cells connected in series the value of 1.7𝑚𝑚𝑚𝑚/℃ is multiplied by 31 to give a module 
coefficient of approximately0.05𝑚𝑚/℃. This means that for every rise in temperature 
of 1℃ above 25℃ the output voltage is derated by 0.05V. 
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9.2 Calculations for Matching Array Voltages to Inverter for the Sunny Boy 5000TL 
 
The minimum MPP voltage of the inverter, as given in the data sheet in Appendix A, is 125V 
and the maximum MPP voltage is 440V. To ensure that the desired strings work and match 
with the MPP window for the inverter, calculations to find the minimum and maximum array 
voltages to the inverter were carried out.  
Safety margins were used in these calculations. Margins of 5% and 10% were applied to the 
maximum and minimum MPP voltage respectively as seen by the inverter, giving a minimum 
voltage of 137.5V and a maximum voltage of 418V. A five percent (5%) voltage drop was 
allowed between the inverter and the array. 
 
9.2.1 Maximum Open Circuit Voltage 
The equation below shows the calculation for the maximum open circuit voltage which is 
dependent on the minimum expected temperature of the cell which was 5
oC. (25) 
𝑽𝑽????????????,???????? = 𝑽𝑽???????? − (𝗄𝗄 × (𝐓𝐓𝐦𝐦𝐦𝐦𝐦𝐦 − 𝐓𝐓𝐬𝐬𝐬𝐬𝐬𝐬))        (2) 
 
The result for the module’s maximum open circuit voltage is:  
𝑽𝑽????????????,???????? = 𝛐𝛐𝛐𝛐.𝛓𝛓𝛓𝛓 − (𝛎𝛎.𝛎𝛎𝛓𝛓𝛐𝛐𝛎𝛎 × (𝛓𝛓𝐨𝐨𝐂𝐂 − 𝛐𝛐𝛓𝛓𝐨𝐨𝐂𝐂)) = 𝛐𝛐𝛐𝛐.𝛓𝛓𝛔𝛔 V    (3) 
This result is multiplied by the number of modules to determine the voltage seen at the 
inverter input: 
𝑀𝑀𝑤𝑤𝑚𝑚 𝑚𝑚𝑜𝑜𝑚𝑚𝑡𝑡𝑤𝑤𝑣𝑣𝑜𝑜 𝑤𝑤𝑡𝑡 𝑚𝑚𝑜𝑜𝑣𝑣𝑜𝑜𝑝𝑝𝑡𝑡𝑜𝑜𝑝𝑝 = 𝑚𝑚 𝑜𝑜𝑜𝑜,𝑚𝑚𝑤𝑤𝑚𝑚 ∗ 𝑁𝑁𝑜𝑜.𝑜𝑜𝑓𝑓 𝑚𝑚𝑜𝑜𝑝𝑝𝑠𝑠𝑚𝑚𝑜𝑜𝑠𝑠       (4) 
Which gives: 
𝑴𝑴????????????????𝑴𝑴???? ???????????????????????????? ???????? ???????????????????????????????? = 𝛐𝛐𝛐𝛐.𝛓𝛓𝛔𝛔 ∗ 𝛔𝛔𝛎𝛎 = 𝛐𝛐𝛐𝛐𝛓𝛓.𝛔𝛔 𝑽𝑽                   (5) 
The maximum voltage calculated (246.1V) is within the specified inverter limit and suggested 
safety margin with an actual safety margin of approximately 69%. 
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9.2.2 Minimum Voltage 
The minimum voltage is calculated at the highest temperature the cells will be expected to 
each attain. Figure 19 shows that 𝑚𝑚 𝑜𝑜𝑜𝑜 decreases as the temperature increases 
 
Figure 19 Graph showing effect of increasing temperature on the IV characteristics of a 
solar cell (22) 
 
The maximum temperature for the cells was assumed to be 80
oC. The minimum MPP voltage 
at this temperature is calculated: (25) 
𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜 ,𝑚𝑚𝑝𝑝𝑝𝑝 = 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝 − (𝗾𝗾 × (𝑇𝑇𝑚𝑚𝑤𝑤𝑚𝑚 − 𝑇𝑇𝑠𝑠𝑡𝑡𝑜𝑜))      (6) 
 
This equates to a minimum MPP voltage of: 
𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜 ,𝑚𝑚𝑝𝑝𝑝𝑝 = 17.92 − (0.0527 × (80 − 25)) = 15.02𝑚𝑚        (7) 
 
This was again multiplied by the number of modules and the assumed voltage drop (5%) to 
determine the minimum voltage seen by the inverter: 
𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜 ,𝑚𝑚𝑝𝑝𝑝𝑝 ∗
1−𝑚𝑚𝑝𝑝%
100 ∗ 𝑁𝑁𝑜𝑜.𝑜𝑜𝑓𝑓 𝑚𝑚𝑜𝑜𝑝𝑝𝑠𝑠𝑚𝑚𝑜𝑜𝑠𝑠 (25)          (8) 
This equates to a minimum voltage at the inverter of: 
 
15.02 ∗ 0.95 ∗ 10 = 142.71𝑚𝑚            (9) 
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The minimum voltage calculated is above the minimum safety value for the inverter (137.5V) 
and has a safety margin of approximately 4%  
The recommended safety margin is to ensure that the array is always operating at its 
maximum power point and is within inverter specifications. 
NOTE:  If the array voltage falls below the manufacturer’s minimum, it does not affect the 
functioning of the inverter, it just means that the array voltage will not be at its MPP and the 
power output from the array will be reduced.  
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10 Cable sizing and power loss calculations. 
 
This section covers the cable sizing required for the different sections of the PV trough 
system. 
The separate cabling that was considered in the design of the system electrical details were: 
•  Cables between modules and the solar string termination box (DC) 
•  Cables between solar string termination box to the inverter (DC) 
•  Cables between  inverter to the AC grid connection (AC) 
 
The Australian Standards AS4509 and AS4777 (25) allow for a maximum voltage drop of 5% 
between array and inverter. If the inverter(s) is distant from the grid connection point, the AC 
voltage drop must be less than 5%. The inverter will be approximately 60 metres from the 
grid connection point, thus this voltage drop was considered.  
 
10.1 General points followed for cabling sizing and installation. 
 
The following points and Clauses from AS/NZS5033 (26) were considered in the cable 
selection. 
General -The wiring for the array shall be arranged to minimise the possibility of line to line 
and line to earth faults occurring. The wiring should be laid in such a way so that the area of 
conductive loops is minimised. 
 
String Wiring- If the wiring of PV strings between modules is not in conduit then insulated 
and sheathed cable shall be used, the cables shall be mechanically protected and properly 
secured. 
The cable type selection was “flat cable with a non-metallic wiring enclosure in air” (plastic 
conduit), as described in AS/NZS 5033. This wiring is ‘in conduit’ and is also insulated, but 
will still be adequately protected and secured when installed.  
 
The use of PVC conduit in the old system was an issue because the high temperatures 
produced by the concentrating mirrors caused the conduit to burn and melt in certain areas.  
It is proposed that high temperature solar cable or temperature resistant conduit be used in the 
new 10kW array. 
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Cable selection – the cable size is based on current carrying capacity and volt drop 
The cables have been sized based on the current carrying capacity and the guidelines for 
sizing indicated by the standard.  
 
Wiring installation in junction boxes – If not in conduit a form of tension relief shall be used 
and the IP rating must be maintained and for our LV system the return conductor/s single 
core must be double insulated over the entire length, especially in junction box. Figure 20 
shows various forms of tension reliefs 
 
Figure 20 Forms of tension relief (27) 
 
The insulation shall have a voltage rating ≥= 𝛔𝛔.𝛐𝛐 × 𝑽𝑽???????? ????????????????????. and be temperature rated 
and if exposed to the environment be resistant to UV. 
 
-  The maximum open circuit voltage of the array at the assumed coldest ambient 
temperature was calculated to be 246.1𝑚𝑚, so the insulation should have a rating 
of 1.2 × 246.1 = 295.3𝑚𝑚. The cable with insulation selected from the standard is 
rated at 600V, so complies with 3.4.2. 
 
The following points from AS 4777 (25) were also followed in the design, and/or will be 
followed in installation: 
 
Cable requirements –5.1 General and 5.3.2 cable sizing 
The cable sizing must comply with AS/NZ 3000 Wiring Rules. 
-  The cables were all designed to comply with these Wiring Rules.  
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The maximum volt drop or rise not to exceed 5% and the cable needs to be sized for the 
maximum AC current.  
-  The system uses a 5 kW inverter with a voltage of 240V therefore theoretically the 
maximum current from the inverter would be  5𝑘𝑘𝑊𝑊 ÷ 240𝑚𝑚 = 20.83𝐴𝐴, although we 
will be unlikely to get near to this value due to derating factors. 
-   Calculations in section “10.4.8 AC power cable loss calculation” of this report 
showed the volt drop will not exceed 5% 
 
The voltage at the inverter must be within its “operating window”. 
-  This was verified through calculations in section 9.2 “Calculations for matching array 
voltage to inverter” section of report. 
 
Connection to Switchboard  The system shall be connected by fixed wiring to a dedicated 
circuit on the switchboard, ideally this would be the main switchboard or where not possible 
the connection should be made at the nearest distribution board to the main switchboard and 
the inverter. 
This will need to be complied with on installation of the system.  
 
10.2 Cable sizing and power loss for 5kW system with inverter with two maximum power 
point trackers. 
 
There was no approved inverter that was able to carry the output current from two parallel 
strings of 10 modules if the strings were connected together into one output from the solar 
string termination box. The strings are required to be kept separate and each string connected 
to a separate input at the inverter. The inverters that can be utilised for the two string array 
have two separate MPP tracker inputs. 
10.3 Cables to tracking motors and tracking controller 
 
The motors for the tracking system and the tracking controller require a 240V power supply. 
The existing cable supplied to the PV array has separate phase conductors that can be utilised 
for the power supply. They are 6𝑚𝑚𝑚𝑚2 conductors that can be fed to the PV array board and 
from there circuit breakers installed with 2.5𝑚𝑚𝑚𝑚2 cable run to the motors and controller. 
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10.4 PV inter-module leads 
 
The cables sizes between the PV modules were designed using the short circuit current of 
𝐼𝐼𝑠𝑠𝑜𝑜 = 14𝐴𝐴. AS/NZS 5033 (26) states this cable must be capable of carrying: 
𝐼𝐼𝑜𝑜𝑤𝑤𝑏𝑏𝑚𝑚𝑜𝑜 = 1.25 ∗ 𝐼𝐼𝑠𝑠𝑜𝑜 ∗ (𝑆𝑆𝑝𝑝𝑜𝑜 − 1)          (10) 
where 𝑆𝑆𝑝𝑝𝑜𝑜 is the number of parallel strings protected by the nearest fault current protection 
device. This results in a cable that can carry a current of 17.5A, as 𝑆𝑆𝑝𝑝𝑜𝑜 = 2 (26). 
From AS/NZS 3008.1.1 “Electrical Installation-Selection of Cables” Table 9, using a flat 
cable with a non-metallic wiring enclosure in air, the cable size selected was 2.5mm
2, which 
could carry a current of up to 22A. (28) 
 
10.4.1. DC cable length 
The length of the section of the array for the 5kW inverter is approximately 17m, as there are 
two strings the result is a total cable length of 34m.  
10.4.2 String power loss calculations 
To calculate the power loss, the resistance of the cable per metre length is required. Table 5 
indicates the resistance in 𝑚𝑚Ω/𝑚𝑚𝑜𝑜𝑡𝑡𝑝𝑝𝑜𝑜 for conductors of different cross sectional areas at 
20℃. This is not the standard test condition temperature but is considered close enough for 
the power loss calculations. The resistances from Table 5 are used in the calculations. 
Table 5: Resistance per metre of copper conductors at 20°C (29) 
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The string cable resistance is calculated as: 
𝐶𝐶𝑤𝑤𝑏𝑏𝑚𝑚𝑜𝑜 𝑝𝑝𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑚𝑚𝑜𝑜𝑜𝑜𝑣𝑣𝑡𝑡ℎ ∗
𝑝𝑝𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜
𝑚𝑚 = 34𝑚𝑚 ∗
7.41𝑚𝑚Ω
𝑚𝑚 = 0.252Ω    (11) 
 
The normal operating current of the array was assumed to be the maximum of 14A, so this 
value was used to calculate the power lost in the string cable: 
 
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠 = 𝐼𝐼2𝑅𝑅 = 142 ∗ 0.252 = 49.4𝑊𝑊          (12) 
 
As a percentage of a 5kW system, the approximate power loss in the inter-module cables is 
given in equation 13: 
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠 =
49.4𝑊𝑊
5𝑘𝑘𝑊𝑊 ∗ 100 = 0.99%             (13) 
 
10.4.3. Solar string termination box to inverter 
 
The cables between the solar string termination box and the inverter were required to carry a 
short circuit current of 14 A. In accordance with AS/NZS5033 “Installation of photovoltaic 
arrays”, (26) the cable needs to be capable of carrying 1.25 times the array short circuit 
current which is 17.5A . 
From AS/NZS 3008.1.1, Table 9, using a flat cable with a non-metallic wiring enclosure in 
air, the cable size selected was 2.5mm
2, which could carry a current of up to 22A. (28) 
 
10.4.4 Cable length 
A distance of 2 metres between the solar string termination box and the inverter is assumed. 
Because there are two strings the total cable length will be 4m. 
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10.4.5 Array power loss calculations 
The resistance in the array cable is calculated in equation 14: 
𝐶𝐶𝑤𝑤𝑏𝑏𝑚𝑚𝑜𝑜 𝑝𝑝𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑚𝑚𝑜𝑜𝑜𝑜𝑣𝑣𝑡𝑡ℎ ∗
𝑝𝑝𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜
𝑚𝑚 = 2𝑚𝑚 ∗
7.41𝑚𝑚Ω
𝑚𝑚 = 0.015Ω   (14) 
The normal operating current of the array was assumed to be the maximum of 14𝐴𝐴, so this 
value was used to calculate the approximate power lost in the array cable. 
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠 = 𝐼𝐼2𝑅𝑅 = 142 ∗ 0.015 = 2.94𝑊𝑊          (15) 
And because there are two separate strings the power loss would equal 5.88W. 
As a percentage of the 5kW system, this power loss in the inter-module cables is given in 
equation 16. 
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠 =
5.88𝑊𝑊
5𝑘𝑘𝑊𝑊 ∗ 100 = 0.118%            (16) 
10.4.6 Inverter termination box to AC switchboard 
 
The maximum current carried by this cable was calculated using the maximum power output 
of the inverter and the voltage of the installation: 
𝐼𝐼𝑤𝑤𝑜𝑜,𝑜𝑜𝑠𝑠𝑡𝑡 =
5𝑘𝑘𝑊𝑊
240𝑚𝑚 = 20.83𝐴𝐴              (17) 
 
From AS/NZS 3008.1.1 Table 9 (28), using a cable that is buried underground in a non 
metallic wiring enclosure, the cable size used is 6mm
2, which can carry a current of up to 
51A. This was the cable the contractors laid for the installation and is more than suitable for 
carrying the maximum currents required.  
10.4.7 Cable length 
The distance between the inverter termination box and the AC switchboard is approximately 
60m. 
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10.4.8 AC cable power loss calculations 
 
The resistance in the cable between inverter termination box and AC switchboard is 
calculated in equation 18: 
𝐶𝐶𝑤𝑤𝑏𝑏𝑚𝑚𝑜𝑜 𝑝𝑝𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑚𝑚𝑜𝑜𝑜𝑜𝑣𝑣𝑡𝑡ℎ ∗
𝑝𝑝𝑜𝑜𝑠𝑠𝑚𝑚𝑠𝑠𝑡𝑡𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜
𝑚𝑚 = 60𝑚𝑚 ∗
3.08𝑚𝑚Ω
𝑚𝑚 = 0.185Ω    (18) 
 
The maximum operating current being carried by this cable was found to be 20.83A, so this 
value was used to calculate the approximate power loss:  
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠 = 𝐼𝐼2𝑅𝑅 = 20.832 ∗ 0.185 = 80.27𝑊𝑊          (19) 
 
As a percentage of the possible output from the inverter, the power loss in the cable is given 
in equation 20: 
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠 =
80.27𝑊𝑊
5𝑘𝑘𝑊𝑊 ∗ 100 = 1.61%            (20) 
 
10.4.9 Total power loss 
The approximate total power loss for the system is calculated in equation 21. 
𝑃𝑃𝑚𝑚𝑜𝑜𝑠𝑠𝑠𝑠,𝑡𝑡𝑜𝑜𝑡𝑡𝑤𝑤𝑚𝑚 = 0.99% + 0.118% + 1.61% = 2.72%    (21) 
 
The total power loss for the system was calculated as approximately 2.72%. The approximate 
figure is due to the many uncertainties used in the calculations such as conductor lengths, 
resistance of cables at different temperatures and uncertainties in maximum current flows etc. 
This power loss is well within the 5% power drop assumed in the calculations for the 
matching of the PV array voltages with the inverter MPP minimums and maximums.  
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10.5 Summary of calculations 
 
Table 6: Summary of calculations for inverter sizing, cable sizing and cable power loss 
Summary of calculations for inverter sizing, cable sizing and cable power loss 
Inverter 
specifications      Parameters used in calculations    
Minimum MPP voltage  125V  Short circuit current 𝐼𝐼𝑠𝑠𝑜𝑜  14A 
Maximum MPP 
voltage  440V 
Open circuit voltage 𝑚𝑚 𝑜𝑜𝑜𝑜 per 
module(Test results)  20.6V 
Open circuit voltage 𝑚𝑚 𝑜𝑜𝑜𝑜 per module 
(ANU)  23.56V 
Calculated min. 
voltage  142.71V  Voltage at maximum power point 𝑚𝑚 𝑚𝑚𝑝𝑝𝑝𝑝  
per module 
15.02V 
Calculated max. 
voltage  246.1V  Cell temp coefficient  0.0527𝑚𝑚/℃ 
    Minimum cell temperature  5℃ 
    Maximum cell temperature  80℃ 
       
Cable sizing 
calculated   
Approximate power loss in cable 
calculated, % of 5kW   
PV inter module leads  2.5 mm
2  0.99%   
Solar string 
termination box to 
inverter 
2.5 mm
2  0.118%   
Inverter termination 
box to AC switchboard 
6.0 mm
2  
cable 
already laid 
1.61%   
   
Approximate total power loss, % of 
5kW=2.72%   
 
The total power loss calculation was for a 5kW system, but was based on values relating to 
the test figures that assumed the PV array would be sized at approximately 3.7kW DC. 
The efficiency of the inverter and leakage currents through surge diverters, if fitted, would 
create further power losses in the system. 
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11.0 Earthing 
The principle reasons for earthing of an electrical installation are: 
a)  To ensure that the metallic enclosure of an installation stays at ground potential to 
protect against the possibility of an electric shock: 
b)  To provide a reference to ground for any point in the system, for example when we 
ground the neutral in the multiple earthed neutral (MEN) system that is commonly 
used in Western Australia the active conductors will be at a certain voltage with 
reference to ground; 
c)  To provide a low impedance path to ground for electrical surges and lightning strikes 
so the likelihood of damage to electrical equipment is reduced. 
 
With regards to point a) above, the exposed metal parts on the PV array need to be earthed 
correctly to make sure that the possibility of an electrical shock is kept to an absolute 
minimum.  
The exposed parts of the array are not usually live and normally can be touched by a person 
without there being a risk of an electrical shock. However, if there was a failure in the 
insulation where a live conductor comes into contact with the exposed metallic section of the 
array, a voltage would be created between the metal and ground that is termed the “touch 
potential” voltage. If a person happened to touch the metal of the array then they potentially 
could receive an electrical shock. This is shown in figure 21. 
PV ARRAY
SOURCE
Positive
Negative 
Fault
V touch
Ground
Exposed metal section of PV 
Array
 
Figure 21 Fault to unearthed exposed metal showing touch voltage potential based on 
(30) 
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Figure 22 shows the exposed metal sections solidly connected to ground (equipotentially 
bonded) as will be the case with the PV array. 
PV ARRAY
SOURCE
Positive
Negative 
Fault
V touch
Ground
Exposed metal section of PV 
Array
Grounding Path 
with Impedance 
Zg
Ig
 
Figure 22 Fault on earthed exposed metal based on (30) 
 
The touch potential voltage is calculated using the equation (30) 
𝑚𝑚𝑇𝑇𝑜𝑜𝑠𝑠𝑜𝑜 ℎ  = 𝐼𝐼𝑣𝑣 × 𝑍𝑍𝑣𝑣              (22) 
 
where 𝐼𝐼𝑣𝑣 𝑚𝑚𝑠𝑠 the maximum ground fault current that is expected to flow. For the DC side of the 
installation 𝐼𝐼𝑣𝑣would be limited because the PV module is a current limited device;  
and 𝑍𝑍𝑣𝑣 is the impedance of the ground return path. 
The equation shows that if 𝑍𝑍𝑣𝑣 is made small enough then 𝑚𝑚𝑇𝑇𝑜𝑜𝑠𝑠𝑜𝑜ℎ  can be limited to a safe 
value for anybody touching the array in the case of a ground fault. 
With the transformerless inverter that the 10kW system will use, there are concerns that 
because the AC and DC systems are effectively galvanically connected together, the AC 
voltage and current can potentially pass through the inverter from the AC side to the DC side. 
There is also the potential problem of capacitive discharge currents associated with 
transformerless inverters. The magnitude of these currents depends upon the PV array module 
frame capacitance with respect to earth and is influenced by environmental conditions, type of 
materials used in the frame and the distances between conductors. 55 
 
The 10kW array should have significantly lower leakage currents than a flat plate array of 
similar size because the capacitance value is related to the area of the modules and because 
the module area in a concentrator system is drastically reduced, the leakage currents are also 
reduced. However this issue should not be completely disregarded.  
The above points illustrate the importance of earthing of the exposed metallic parts of the 
10kW system. 
The Australian New Zealand Standards (AS/NZS) 5033 “Installation of photovoltaic (PV) 
arrays” Section 5 states the requirements for earthing of PV arrays. By working through the 
relevant sections of this standard the earthing configuration for the PV system can be 
established. 
11.1Relevant Earthing Information from AS/NZS 5033 
Section 5.1.1 GENERAL states that the system earthing and earthing of exposed conductive 
parts for lightning protection and/or equipotential bonding shall be addressed (26). 
The highlighted section of figure 23 states the type of PV array earthing configuration for this 
system. 
The inverter that will be used is a transformerless type inverter which is deemed a non 
isolated power conditioning unit by the standard. Therefore the type of system being designed 
will be unearthed with an AC load connected via a non-isolated power conditioning unit. 
 
Figure 23 AS5033 Table 5.1 PV system earthing configuration (26) 
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Figure 24 shows the schematic diagram for this type of installation. The PV array active 
conductors are not earthed and the connection to the AC side is by means of a transformerless 
inverter. 
PV
ARRAY
Transformerless 
Inverter
Sunny Boy 5000TL
AC 
Grid
 
Figure 24 Unearthed PV array connected to AC load via a non isolated power 
conditioning unit (26) 
 
Section 5.4 contains information about equipment earthing, which is the earthing of all 
exposed parts and frames of the PV array including the structural framework. This section 
states that 
 “Exposed conductive parts of the PV array installation need not be earthed if the PV array 
installation complies with any of the following provisions”  
One of the provisions discusses the issue of PV modules complying with class II requirement 
(double insulation).There are no details on the PV trough modules concerning their class and 
because of this the standard states that compliance with the decision tree shown in figure 25 is 
required. 
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The first decision to be made is whether the array frame is required to be earthed for lightning 
protection. The decision made was that earthing of the frame is not required for lightning 
protection but rather for safety and surge protection requirements. 
 
PV array frame 
earthing 
requirements
Is array frame earthing 
required for lightning 
protection?
Does the PV array comply with 
double insulation or SELV or 
PELV?
Is the PV array 
floating?
Bond to earth with 
earthing conductor 
sized according to 
AS/NZS 3000
No Earthing 
requirements
Is the PV array 
isolated and 
floating?
Does the PV array have 
earth fault protection?
Apply the larger
 of these two
Does the PV array have 
earth fault protection?
Bond to earth with 
earthing conductor 
sized to withstand Isc 
array continuously
Bond to the array 
frame using 16mm
2 
earthing conductor
Yes Yes
Yes Yes
Yes Yes
Yes
No
No
No
No
No No
 
Figure 25 PV array framework earthing decision tree based on (26) 
 
The conclusion from the PV Array framework earthing decision tree is that a bond to earth 
with earthing conductor sized according to AS/NZS 3000 is required.  
Clause 5.3.3.2 from AS/NZS 3000 states the cross sectional area of the earthing conductor 
shall not be less than 4mm
2. The recommended conductor size will be 16mm
2 to ensure the 
resistance of the array framework earthing is kept as low as possible and any large current 
spikes can be adequately transferred to earth. 58 
 
AS/NZS 3000:2007 (Australian Wiring Rules) SECTION 5 EARTHING ARRANGEMENTS 
AND EARTHING CONDUCTORS details the requirements for the minimum standards in 
relation to the selection and installation of earthing arrangements and by law the requirements 
of this standard must be followed. 
In particular the section in AS/NZS 3000:2007 clause 5.3.6.1 states “The connection of the 
electrical installation earthing system to the general mass of earth shall be achieved by means 
of an earth electrode”, and clause 5.3.6.3 states” the electrode shall be driven to a minimum 
depth of 1.2metres.”  
Note: To comply with clause 5.3.6.1, a separate ground electrode stake will be required, at 
present the site does not have a ground electrode. 
Once installed, the ground electrode resistance should be as low as possible to limit “touch 
voltages”. 
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12 Fault current protection, bypass diodes and disconnection devices (31) 
 
The fault current protection for the system was designed to comply with section 2.4 of 
AS/NZS 5033 “INSTALLATION OF PHOTOVOLTAIC (PV) ARRAYS”. (26) 
The relevant clauses from the standard that deal with the PV installation are as follows: 
12.1 Bypass diodes 
 
Clause 2.2 BYPASS DIODES “Bypass diodes may be used to prevent PV modules from being 
reverse biased and consequent hot spots occurring. If bypass diodes are added by installer, 
they shall comply with the following requirements:” 
a) Have a voltage rating of at least 2 × 𝑚𝑚𝑂𝑂𝐶𝐶𝑀𝑀𝑂𝑂𝑂𝑂 of the protected module which would equal 
41.2V 
b) Have a current rating of at least 1.25 × 𝐼𝐼𝑆𝑆𝐶𝐶𝑀𝑀𝑂𝑂𝑂𝑂 which would equal 17.5A 
c) Be installed so no live parts are exposed 
d) Be protected from degradation due to environmental factors 
The bypass diodes are a critical component in the electrical design of this system as they are 
used to protect the modules from open circuits and shading issues. One of the major issues 
with the modules is their reverse voltage limitation requirements and the bypass diodes will 
limit this reverse voltage if an open circuit occurs in a string. 
12.2 General 
 
12.2.1 Location of fault current protection devices 
 
Table 2.2 from AS5033 states that for an array connected to a load via a non isolated power 
conditioning unit, the fault current protection device must be located in all active conductors 
of the PV string cables and in all active conductors of the PV array cable, active conductors 
being conductors that are not directly connected to earth. The fault current protection devices 
shall be at the load (downstream) end of the cables. 
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12.2.2 Disconnecting means 
2.5 DISCONNECTING MEANS: 
 
2.5.2  The AS5033 states that a circuit breaker installed for fault current protection may also 
provide isolation, if it is rated as an isolation device. 
 
Table 2.3 “DISCONNECTION DEVICE REQUIREMENTS IN PV ARRAY 
INSTALLATIONS” states that for a Low Voltage array, the string cable shall have a readily 
available disconnection device and for the array cable the disconnection device shall be a 
readily available load breaking device that is lockable in the off position.  
 
Table 2.4 “LOCATION OF DISCONNECTION DEVICES ACCORDING TO SYSTEM 
CONFIGURATION” states that for an unearthed array the disconnection devices shall be 
located in all active conductors. 
 
12.2.3 Earth fault protection 
Clause 2.6 EARTH FAULT PROTECTION: 
This section provides a bit of a conundrum because in Table 2.5 “EARTH FAULT 
PROTECTION REQUIREMENTS” AS5033 states that for a Non-earthed array that is grid 
connected via a non isolated inverter, the system shall have double or reinforced insulation. 
But, as previously mentioned, there is no certification of the modules stating they are double 
insulated and therefore the system does not comply with the requirements of Clause 5.4 (a) 
which gives the requirements for double insulation. 
12.2.4 AS4777 further guidelines 
The following guidelines from AS4777 were also considered: 
12.2.4.1 Inverter over current protection 
5.3.5  Inverter over current protection 
-  The inverter does not require separate over current protection because the inverter is 
being fed from the PV array which is a current limited source. 
 
12.2.4.2 Isolation of inverter from energy sources 
5.4  Isolation of inverter from energy source 
 
-   A 20 to 40A device has been included on the array cable between the PV array and 
the inverter. This isolation device must be able to break the current and voltage at 
normal loads and under fault conditions 
-  This complies with AS/NZS 3000 (32) for isolation and switching. 
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12.3 DC Isolation/fault current devices for consideration 
12.3.1 General information for these devices 
 
The sizing of the isolation and fault current breaking devices should be based on the sum of 
the PV open circuit voltages, which was calculated earlier as a maximum of 233.3V, and the 
parallel short circuit current, which is 14A for the PV string cable and 14A for the array cable 
to the inverter. Recall that the strings cannot be connected in parallel as the current will be too 
large for the inverter. 
The reason for the requirement of DC circuit breakers and isolators on the DC side of the 
system is that DC is harder to interrupt than AC because the DC has no points on its 
waveform that naturally pass through zero, as is the case with AC that passes through the zero 
point 100 times a second in Australia. (50Hz). 
Several manufacturers such as ABB, Moeller, and Schneider make the circuit breakers and 
isolators required for photovoltaic systems. An example of the isolation device between the 
array cabling and the inverter is the Schneider SW60-DC main switch shown in figure 26. 
 
Figure 26 Example of a DC switch disconnection device (33) 
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Section 2.5.4 of AS5033 relates to the extra low voltage (ELV) segmentation. The threshold 
for this is 120V. The open circuit voltage of one module in the system is 23.56V, so having 
ELV segmentation every 5 modules means that the maximum voltage will be 5 × 23.56 =
117.8𝑚𝑚. This is below the maximum of 120V stipulated in the standard, so isolation devices, 
i.e. quick disconnects, should be installed at least after every 5 modules.  
 
12.4 AC Circuit breakers 
Any normal ac isolator that is suitably rated for the protection of cables in the design may be 
utilised. 
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13 Lightning Protection 
 
The Murdoch University photovoltaic system is a freestanding structure that is located in an 
exposed outdoor area and is exposed to the possibility of lightning strikes that could severely 
damage the systems equipment, resulting in the PV system not functioning as well as the 
economic loss if the equipment needs repair or replacement.  
Lightning is the result of cells of high potential accumulating in cloud systems. This potential 
can be several millions of volts. The lightning can discharge between cells of opposing 
polarity or to ground. 
The high potential difference between the cloud cells and the earth starts to cause the air to 
become ionised and at a certain point the air becomes conductive enough to allow a moment 
of very high current flow, which instantaneously dissipates the accumulated charge. The 
lightning is the instantaneous draining of charges built up in a cloud system. 
These charges take the form of a steep fronted current waveform lasting for tens of 
microseconds that involve currents of several kilo amperes and the resultant energy is 
dissipated in the form of heat – temperatures can reach 20000 ℃ for a short time period, loud 
sounds and electromagnetic radiation such as light and magnetic fields. (30) 
Because lightning behaves as a current source the flow of current does not depend on the 
circuit impedance and thus if the current path to ground has a high impedance then because 
the currents have magnitudes of several kilo amps, very large voltage gradients will occur. 
These voltages that occur on the conducting elements can cause secondary flashovers to 
nearby earthed objects and also cause damage by forcing a path through any non conductive 
building parts. This is the reason that the path for lightning should have as low an impedance 
as possible so as to reduce these damaging voltage drops. 
Lightning protection are measures to protect people, equipment and buildings from this very 
high destructive energy. 
The installed 10kW photovoltaic system is a potential target for a lightning strike. The system 
has a large overall area of approximately 40𝑚𝑚 𝑚𝑚𝑜𝑜𝑜𝑜𝑣𝑣 𝑏𝑏𝑟𝑟 5𝑚𝑚 𝑤𝑤𝑚𝑚𝑝𝑝𝑜𝑜 𝑤𝑤𝑜𝑜𝑝𝑝 3𝑚𝑚 ℎ𝑚𝑚𝑣𝑣ℎ, and is 
located in an exposed outdoor area. The structure is also made entirely of steel. The system is 
vulnerable to a direct lightning strike and could also be affected by surge over voltages if 
lightning strikes the electrical system it is connected to. Thus the PV system needs to be 
protected.  
13.1 Flashprotect 
 
Flashprotect (34) is basically a risk assessment tool where the operator enters in parameters as 
requested by the programme. After entering the information the programme suggests 
strategies that may be undertaken to mitigate the risks from external and internal lightning 
strikes. The programme can be used for grid-connected or stand-alone systems. 64 
 
Flashprotect is based upon the Australian Standard AS1768:2003 “Lightning Protection” (35) 
and AS/NZS 5033:2005 “Installation of photovoltaic (PV) arrays” (26)and was developed by 
Friedrich Linhart, a thesis student from Murdoch University  
 
Assumptions that were made for the system were: 
•  The systems dimensions were 40m long x5m wide and 3m high 
•  The systems value was $50000  
•  The investment value of the equipment installed was $50000 
•  The surrounding fence is capable of preventing unauthorised access 
 
Figures 27 to 30 illustrate screen shots from Flashprotect PV 
 
Figure 27 Flashprotect initial information required 
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Figure 28 Flashprotect dimensioning information 
 
 
Figure 29 Flashprotect system value requirements 
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Figure 30 Flashprotect results screen 
 
To install external lightning protection the costs involved have to be considered along with 
the need for this form of lightning protection and a decision made as to whether or not to 
proceed with the installation of this protection. 
In view of the above costs in comparison to the value of the PV trough system that were used 
in “Flash Protect” calculations, the non-criticality of the system and a very low risk of death 
or injury to personnel, it is recommended that external lightning protection for this system not 
be undertaken and the focus placed on internal lightning protection. 
 
13.2 Internal Lightning Protection: 
Internal lightning protection is used to protect the internal electrical and electronic 
components such as the inverter and tracking controller from damage due to over voltages 
caused by indirect lightning strikes. 
The internal lightning protection can be achieved by means such as areas of conductive loops 
being minimised, installing appropriate surge protective devices (SPDs) and the correct 
earthing of the system. 
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14 Surge Protection 
 
A surge is a temporary but very steep rise of voltage in a power system that is usually caused 
by lightning. 
The surge, if not properly protected against can cause major damage in insulation in electrical 
wiring and to equipment. The surge flows through because of the very high voltage and 
energy levels involved. 
Appendix F “LIGHTNING OVERVOLTAGE PROTECTION” section F2.3 Surge arresters 
of AS/NZS 5033:2005 states that 
•  Over voltage protection with surge arrestors should be provided when the PV power 
system has a rated capacity greater than 500W and 
•  The PV array is protected with a lightning protection system 
14.1 Specifying Suppression Devices 
 
When specifying the type of suppression device for the A.C. side of the system, the following 
criteria should be followed (36): 
•  Maximum Continuous Operating Voltage (MCOV) - aim for a figure of at least 25% 
above the nominal supply voltage 
•  Suppression Voltage - for 240V systems a Suppression Voltage Rating of <400V for 
electronic equipment and <600V for electrical equipment is recommended 
•  Surge Rating - approximately 100kA (@8/20µs) at point of service entrance, and 
40kA (@8/20µs) for sub distribution and branch circuits is recommended.  
•  Ensure all specifications comply with AS 1768 
 
When specifying suppression devices to protect PV arrays the specifications from Appendix F 
of AS/NZS 5033:2005 (26) should be used. The recommendations are 
 
•  Maximum continuous operating voltage (𝑚𝑚 𝑜𝑜) ∶ 𝑚𝑚 𝑜𝑜 > 1.3 × 𝑚𝑚 𝑜𝑜𝑜𝑜 
•  Maximum discharge current(𝐼𝐼𝑚𝑚𝑤𝑤𝑚𝑚 ):𝐼𝐼𝑚𝑚𝑤𝑤𝑚𝑚 ≥ 5𝑘𝑘𝐴𝐴 
•  Voltage protection level (𝑚𝑚 𝑝𝑝):𝑚𝑚 𝑜𝑜 < 𝑚𝑚 𝑝𝑝 < 1.1𝑘𝑘𝑚𝑚 
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14.2 Coordination of surge suppressors 
 
To achieve effective surge protection, the suppression devices should be arranged so that the 
large current diverting suppressors, (CLASS 1) if fitted, are at the main distribution board that 
supplies the 3 phase power for the 10kW array and the decreasing surge energy components 
(CLASS 2) placed where they will reduce the harmful surge energy sufficiently to the 
downstream devices. 
15 Results from Flashprotect (Internal lightning protection) 
 
Flashprotect gives recommendations on ways to minimise the effects of high induced voltages 
after the programme has been run. Figures 31 to 33 show the steps recommended using 
internal lightning protection techniques, additional commentary is made after each particular 
step. 
 
 
Figure 31 Flashprotect internal lightning protection step 1 (34) 
 
To minimize the effect of high induced voltages the area of conductive loops can be 
minimized. Case 2 from figure 31 indicates how the physical wiring should be laid out. 
Reducing the conductor loops is easy to accomplish and will be implemented. 
 
 
 
 
 69 
 
15.1 Protection of incoming service lines 
 
 
Figure 32 Internal lightning protection step 2 (34) 
 
If required by the University, the incoming three phase power line can be protected by surge 
protective devices.The recommended location and sizing requirements are listed in Table 7. 
15.2 Protection of PV modules 
 
 
Figure 33 Flashprotect internal lightning protection step 4 (34) 
 
 The surge protective devices should be placed on each string of 10 modules between each 
active conductor and earth. A Y type configuration as shown in the surge protection schematic 
diagram(figure 34) is the most effective way of protecting the modules. (37) 
The recommended location and sizing requirements are listed in Table 7. 
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15.3 Surge protection for inverters and other devices 
 
Inverters are also to be protected from lightning strikes. The PV array’s junction boxes that 
contains surge protection is located within 10 metres of the inverter, thus requiring surge 
protection only on the output AC line for each inverter that is installed. The recommended 
location and sizing requirements are listed in Table 7. 
Table 7 is a summary of the location and electrical ratings required for the surge protective 
devices that are to be installed. 
Table 7: Location, type and number of surge protective devices 
Surge Protection Device Requirements 
Location  Designation  Number  Class 
Maximum 
continuous 
operating 
voltage 
(Vc) 
Suppression 
Voltage rating 
(Vp) 
Surge 
rating 
(kA) 
Wave 
form 
Incoming Service 
lines  AC  6  1  300  Vp<600  100  10/350uS 
PV strings 
Y configuration  DC  6 
2 
135 
270>Vp<1100  >5  8/20uS 
Alternative 
configuration  DC  4  300 
Inverter outlet  AC  2  2  300  Vp<400  40  8/20uS 
Tracking 
motors/controller  AC  2  2  300  Vp<400  40  8/20uS 
GPO outlet  AC  2  2  300  Vp<600  40  8/20uS 
 
 
 
 
 
 
 
 71 
 
15.4 Earth Conductors 
 
The earthing conductors that the surge protective devices are connected to shall be a 
minimum of 6𝑚𝑚𝑚𝑚2which will be connected to the main earthing conductor which will be 
16𝑚𝑚𝑚𝑚2. The main earthing conductor is connected to the earth electrode. 
The earthing arrangement is shown in Section 17 Electrical design drawings. 
16 Schematic diagram for Surge Protective Devices 
 
The schematic diagram for both the DC and AC surge protection devices is shown in Figure 
34. The schematic is for the 5kW section of the PV array that will be connected to the Sunny 
Boy 5000TL. It can be repeated if the electrical design proves successful.  
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SURGE PROTECTION DEVICE SCHEMATIC
Surge protection device
PV Array 5kW
2 strings feeding 
inverter
Main switchboard 
Outside of compound
AC DC AC
Service line SPD’s
Tracking motors and 
controller
AC AC
GPO OUTLET
AC AC
PV String
DC SPD connect to DC 
earth link
DC SPD’s located in 
Solar string 
termination box
1. The DC SPD’s, the Inverter SPD’s, 
and tracking motors and controllers 
SPD are considered necessary. The 
service line protection and GPO SPD’s 
can be installed if costs are not an 
issue.
2. SPD specifications are included 
in section 15 of report.
NOTE:
AC SPD connection, 
Line to earth and 
Neutral to earth
L
N
AC SPD’s located in 
Array distribution 
board
DC SPD connect to DC 
earth link
Alternative DC SPD 
configuration
PV String
Proposed DC SPD Configuration
1.3 x Voc
Y configuration
1.3 x (Voc / 2)
 
Figure 34 Schematic for Surge protection devices 
173 
 
17 Electrical wiring schematic 
GROUP 1 OF 4
GROUP 4 OF 4
PV array solar 
string 
termination box
NEUTRAL LINK
SWITCHBOARD – TO 
UTILITY GRID
EARTH LINK
Note: For simplicity, cell bypass diodes 
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17.1 Electrical wiring diagram 
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Figure 36 PV Array Wiring Diagram17.2 Notes for the system wiring diagrams 
 
•  The Sunny boy 5000TL has an electronic solar switch (ESS) installed inside its 
structure The ESS may be able to be used in place of the DC circuit breakers shown on 
the wiring schematic if the device is lockable (26) .The DC circuit breakers are still 
shown in case another type of inverter is used. 
 
•  The array framework will be equipotentially bonded and connected to the DC earth 
terminal which is connected to an earth stake that needs to be installed. 
 
•  The earthing conductor between the DC earth link and the AC earth link should be a 
minimum of 6mm
2.
   
 
•  The two parallel strings from the array are not strictly parallel strings as they are not 
hard wired as such due to the maximum input current ratings of inverters that fit the 
system. 
 
•  For the PV array string wiring the cable sizing calculations indicated 2.5mm
2 cable 
would be suitable but 4mm
2 is approximately the same price and can be used to limit 
losses further. 
 
•  The series connection of the modules can be made with “easy disconnects”, using 
specific solar cable. The idea of using the easy disconnects would be that it would be 
easy to test a given module when experiencing power output problems or when 
aligning modules so that  they attain maximum output. 
 
•  The solar string termination box is not required as there is no requirement for fault 
protection using a circuit breaker, however the string surge protective devices can be 
installed here. 
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Part B Structural safety issues with the PV array and construction on new array sections. 
  
18 Structural issues 
As previously mentioned the array structure could not be moved. There were three main 
reasons for this.  
The first was that both the tilt and roll motors that move the array for the tracking system had 
a low resistance to earth because of water ingress and kept tripping the earth leakage circuit 
breaker that supplied power to the array. Figure 37 is a photo of one of the motors that was 
replaced. Note the rust and build up of salts that led to the insulation degradation. This 
problem was readily solved by buying two replacement motors and refitting them to the 
structure. The replacement of the motors was a cheaper option than rewinding them. 
The second problem was that the tracking system componentry was disconnected from the 
array and so a provisional single phase motor reversing switch had to be made with suitable 
connectors that could be attached to each motor so as to be able to drive the motor in both 
directions to enable movement of the array. The forward- reverse switch and motor 
connection plug is shown in figure 38. 
   
Figure 37 Burnt out motor  Figure 38 Forward/reverse switch used to 
manually move array 
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The major problem however was the integrity of the structure itself. The contractor who 
moved the system from the Rockingham campus to the Murdoch South Street campus had 
taken shortcuts and had not constructed the array in a safe way. Due to ongoing concerns with 
the safety of the structure a full structural report was undertaken, the results of which are 
placed in Appendix E. Examples are shown in figures 39 to 42 that highlight some of the 
issues associated with the structure’s lack of stability. 
 
 
Figure 39 Bolt not inserted 
 
 
Figure 40 No bolt fitted 
 
 
Figure 41 Tech screws in place of bolts 
 
 
Figure 42 Tech screw with no bolt 
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19 Liaising with Contractors 
 
The initial contractors who relocated the system for reasons unknown did not come back to 
fix up the structure. A new contractor was required to undertake all necessary repair and 
construction work to bring the structure to an acceptable level of safety and reliability for 
working conditions. 
Thistle Engineering, a fabrication company, was sourced to undertake the work. (Appendix D 
shows initial communication with Thistle Engineering) 
There were long delays in finishing the work because of the time taken to approve quotations, 
holiday periods and critical shutdowns from industry that Thistle Engineering were obliged to 
attend. 
The work however was eventually finished to a professional standard and the PV array could 
finally be moved safely. 
Figures 43 and 44 are examples of the repairs undertaken by Thistle engineering. All 
structural issues have now been addressed. 
 
 
Figure 43 Bolts refitted properly 
 
 
Figure 44 Mounting after repair 
 
 
 
 
 
 79 
 
20 Additional Photovoltaic system 
 
The University also has another two structures located next to the 10kW PV trough system.  
Each structure consisted of 2 metallic pillars that were concreted into the ground. The idea 
was to make these two structures into new concentrating photovoltaic arrays. 
The University wanted to be able to install beam sections in between each of the two pillars. 
A motor/gearbox arrangement was then required to be mounted to the structure so that the 
beams could be rotated in a north /south direction. The beam needed to be coupled to a 
gearbox assembly by the use of suitable plummer bearings. The beam section would then 
have new concentrator mirrors and receivers attached to it so that another photovoltaic system 
could be constructed. 
As part of this thesis report, it was required to aid in enabling the construction of the two 
smaller PV systems including collating relevant drawings, checking dimensions and assessing 
the suitability of the drawings.  
A complete set of drawings for the new system were completed by a former thesis student, 
Marko Kretschmer. 
There were many different drawings and ideas that Marko Kretschmer had engineered and 
after perusing all of the drawings a design was chosen.  
After further measurements were taken out in the field, the dimensions on these drawings 
were modified slightly and comments on how the system should be constructed were added to 
the drawings. 
Thistle Engineering was consulted and after numerous meetings with this contractor the job 
was undertaken and completed to a professional standard. Figure 45 is an example of 
comments and drawings made that were handed to the contractor. A more complete set of 
correspondence is shown in Appendix F. 
. 
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Figure 45 Sample of correspondence with Thistle Engineering on new PV structure 
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Figures 46 to 49 show a range of photos of the completed assembly 
 
 
Figure 46 Completed structure 
 
 
Figure 47 Close up of gearbox and plummer 
bearing 
 
 
Figure 48 Sew gearbox fitted 
 
 
Figure 49 Plate and shaft assembly from drawings 
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21 Future work required 
The future work can be broken down into the short term installation requirements as well as 
the longer term ongoing maintenance requirements for the concentrator system. The 
immediate short term work to be undertaken includes: 
•  The procurement of cabling, junction boxes, distribution board, protection devices and 
surge protective devices. 
•  The wiring up of the system by a qualified electrical worker including the 
equipotential bonding of all exposed metalwork on the PV array. 
•  Application to Western Power to connect a small scale renewable energy generator. 
•  The installation of a suitable earth stake for safety and surge protection requirements. 
•  The installation and commissioning of the tracking controller 
•  Alignment of remaining modules for optimum output of array 
•  The roll mechanism that moves the structure in a North South direction is quite stiff at 
the extremes of its movement and needs to be maintained. 
The longer term requirements include: 
•  Ongoing checks of the earthing equipotential bonding of the PV structure. The system 
structure is galvanised and this can lead over time for the earthing bonds to increase 
resistance due to corrosion. The earthing resistance must at all times be at a minimum 
ohmic value for the ongoing safety of the system 
•  Regular checks of PV array output to ascertain if any modules are underperforming 
due to aging or misalignment effects. This is why the use of quick disconnects for 
every module is considered a good idea. 
•   Cleaning of mirrors at regular intervals. It was found that the mirrors became quite 
dirty after being cleaned a few days earlier. 
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22 Conclusion 
 
The electrical design and repair of the 10kW array and the construction of two new smaller 
arrays associated with this project have been both exciting challenges and at times exercises 
in frustration.  
There have been many significant steps taken to achieving the goal of having a concentrating 
array that is capable of producing a satisfactory power output.  
These steps include the testing, selection and reinstallation of modules appropriate for the 
10kW array design, the electrical design, including the very important earthing issues 
associated with the transformerless topology of the inverter that will be utilised, and the 
testing conducted under concentration conditions showing the array can produce ample 
electrical output if the modules are aligned correctly. 
The repair of the structure for the 10kW array and construction of the smaller arrays provided 
many interesting challenges and project management aspects. 
The challenges included the collation and appraisal of all mechanical drawings for the two 
arrays, the selection of appropriate drawings and making changes to them to suit the 
construction issues out in the field. 
The project management skills utilised involved sourcing an engineering contractor, obtaining 
prices for the work required and the consultation and communication processes over many 
meetings to enable the work to be completed to a professional standard of finish. 
The frustration mentioned earlier was due to issues that could not be controlled such as 
contractor unavailability, holiday periods and bad weather that lead to long periods of time 
where no physical work was undertaken on the array repairs. 
It has been disappointing to not actually have the array continuously producing power but 
testing has shown that when the wiring installation is completed the 10kW array will be 
capable of satisfactory performance if the modules are properly aligned and the tracking 
system is working accurately.  
The completed array will be an invaluable educational tool for future engineering students. 
   84 
 
References 
1.  Smeltlink, John Department of Enginering, Centre for Sustainable Energy Systems 
Australian National University. The ANU 20kW PV/Trough concentrator system 
operation and maintenance manual. Canberra : s.n. 
2.  Verve Energy. [Online] [Cited: 9 August 2009.] 
http://www.verveenergy.com.au/mainContent/sustainableEnergy/OurPortfolio/Rockingha
m_Photovoltaic_Trough_Concentrating_System.html. 
3.  Google . Google Maps. [Online] 2010. [Cited: 17th June 2010.] 
http://maps.google.com.au/. 
4.   [Online] [Cited: 12th March 2010.] 
http://www.google.com.au/url?q=http://www.business.qld.gov.au/. 
5.  German Solar Energy Society. Planning and Installing Photovoltaic Systems 2nd 
edition. A guide for installers, architects and engineers. s.l., Germany, UK,USA : German 
Solar Energy Society, Earthscan , 2008. 
6.  BMWi. Federal Ministry of Economics and Technology, Germany (Bundesministerium 
fur Wirtschaft und Tecnologie). [Online] 2000. [Cited: 26 March 2010.] www.bmwi.de. 
7.  Wikepedia. Photovoltaic module. [Online] 2010. [Cited: 4 April 2010.] 
http://en.wikipedia.org/wiki/Photovoltaic_module. 
8.  Wikipedia. Solar cell. [Online] 2010. [Cited: 4 April 2010.] 
http://en.wikipedia.org/wiki/Solar_cell. 
9.  Andrew Zimmerman Jones. About.com Physics. [Online] [Cited: 18 April 2010.] 
http://physics.about.com/od/lightoptics/f/photon.htm. 
10.  [Online] [Cited: 23 March 2010.] 
http://www.exportinitiative.bmwi.de/EEE/Redaktion/Meldungen/Angebote/Marketingunt
erstuetzung/PDF/. 
11. Solar guys .com.au. [Online] 2010. [Cited: 5 May 2010.] 
http://www.solarguys.com.au/graphics/pv-grid-connected-diagram-close-up.jpg. 
12. The Sun. Research Institute for sustainable energy. [Online] [Cited: 16 June 2010.] 
http://www.rise.org.au/info/Res/sun/index.html. 
13. Blakers, Andrew. Efficient20-50 Sun Concentrator Cells (Document available to 
Murdoch University Engineering Students). Canberra : Australian National University. 
14. Salud del sol.org. [Online] 2010. [Cited: 4 May 2010.] 
http://www.saluddelsol.org/blog/wp-content/uploads/2009/11/solar-trough-297x300.png. 85 
 
15.  [Online] [Cited: 23 May 2010.] 
http://engnet.anu.edu.au/DEpeople/Andres.Cuevas/Sun/image/IVcurve.gif. 
16. Simplified Feed Forward Control of the Maximum Power Point in PV 
Installations.Proceedings of the IEEE International conference on Power Electronics 
Motion control Vol 1 pp 548-553. Enslin, J.H.R.and Snyman,D.B. 1992. 
17. Joe-Air Jiang, Tsong-Liang Huang,Ying-Tung Hsiao and Chia-Hong Chen. 
Maximum Power Tracking for Photovoltaic Power Systems. Department of Bio Industrial 
Mechatronics Engineering, National Taiwan University Taipei taiwan : s.n., 2005, Vols. 
Tamkang Journal of Science and Engineering Vol.8, No 2, pp. 147-153. 
18. Kretschmer, Marko. Drawings from Murdoch University student thesis report. 2008. 
19. Tap the sun. The solar track controller system. [Online] [Cited: 10 August 2009.] 
http://www.tapthesun.com/.pdf. 
20. Clean Energy Council. Grid Connected PV Systems Installation Guidelines. [Online] 
[Cited: 22 March 2010.] https://www.cleanenergycouncil.org.au/cec/accreditation/Solar-
PV-accreditation/forms/.pdf. 
21. Corporation, Spire. SPI-SUN SIMULATOR 460 Operation manual. April 1996. 
22. pvcdrom.pveducation.org. 2010.[Cited: 13 September 2009.] 
23. Clean Energy Council. Approved Inverters. [Online] [Cited: 23rd March 2010.] 
http://www.cleanenergycouncil.org.au/cec/accreditation/approvedproducts/gridconnectinv
erters/.pdf. 
24. SMA. Sunny Boy 4000TL/5000TL. [Online] [Cited: 13 September 
2009.]http://www.technosun.com/es/principal/descargas/tecnicos/SB4000TL_SB5000TL.
pdf. 
25. Australian Standards. AS 4777.1. Grid connection of energy systems via inverters Part 
1:Installation requirements. 
26. Australian Standards. 5033:2005. Installation of photovoltaic (PV) arrays. 
27. Wiles, John. New Mexico State University. Institute for Energy and the Environment. 
[Online] [Cited: 18 April 2010.] http://www.nmsu.edu/~tdi/. 
28. Australian Standards. AS 3008.1.1:1998. Electrical Installation-Selection of Cables, 
Part 1.1:Cables for alternating voltages up to and including 0.6/1kV-Typical Australian 
installation conditions. 
29. The electricians guide to the 16th edition IEEE regulations. [Online] [Cited: 15 May 
2010.] http://www.tlc-direct.co.uk/Book/5.3.6.htm. 86 
 
30. IDC Technologies. Practical earthing/grounding.bonding,lightning and surge protection 
of electrical and electronic systems and equipment. s.l. : IDC Technologies, 2008. 
31. Reg Edwards, Luca Castelli and Sarah Corbyn. PV system design, Electrical design 
report Eng421. 2009. 
32. Australian Standards. Australian Standard Wiring Rules. AS 3000:2007. 
33. Schneider Electric. [Online] 2010. [Cited: 19 May 2010.] http://www.global-
download.schneider-electric.com/.pdf. 
34. Linhart, Friedrich. Flashprotect 1.0 Lightning protection program. Perth  : s.n., 2006. 
35. Australian Standards. AS 1768:2007. Lightning Protection. 
36. Lightning and Surge Technologies. [Online] 2010. [Cited: 24 January 2010.] 
http://www.lightningman.com.au/surge_technologies.html. 
37. Haberlin, Heinrich. Photovoltaik Strom aus Sonnenlicht fur Verbundnetz und 
Inselanlagen. s.l.: Electrosuisse Verlag, Fehraltorf, 2010. 
38. "Efficient 20-50 sun Concentrator Cells," PVSEC . Glasgow : s.n., 2000. 
39. Technical Rules for the South West Interconnected Network. Western Power. [Online] 
2007. 
http://www.westernpower.com.au/documents/AccessArrangement/2007/Technical%20Ru
les/TECHNICALRULES.pdf. 
40. Western Power. Small scale renewable energy systems. [Online] 
http://www.westernpower.com.au/mainContent/connectionsUpgrades/newConnections/S
mall_scale_renewable_energy_systems.html?word=small%20scale%20renewable. 
41. M.Calais. Week 4 - ENG421 Lab - Matching Arrays to Inverters. s.l. : Murdoch 
University, 2009. 
42. Application to connect Small Scale Renewable Energy Systems. Western Power. [Online] 
[Cited: 17 July 2010.] 
http://www.westernpower.com.au/documents/forms/smallrenewableenergysystems.pdf. 
 
 
   87 
 
Appendix A Module Test Results 
 
PDF and excel files to be placed on cd as they are large files. 
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Appendix B Sunny Boy 5000TL specifications 
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Appendix C Correspondence John Smeltlink 
----- Original Message -----  
From: 'reghelen@iinet.net.au'  
To: john.smeltink@anu.edu.au 
Sent: Wed Sep 9 21:25 
Subject: Fwd: PV trough system murdoch university 
 
Hello John,  
My name is Reg Edwards and I am doing a thesis project at Murdoch University on 
reconfiguring the old Rockingham 20kW PV trough system to a smaller 10kW system that 
will be installed at the Murdoch Street campus. 
I found your email address on the internet after reading the operation and maintenance 
manuals you wrote and was wondering if I may ask a question on the receivers? 
I am looking at a new inverter design and was wondering if you may have an idea of the 
voltages the receivers are able to withstand? I note on the old system design there was a 
maximum of 5 receivers connected in series suggesting from ANU data that approx 120V is 
OK.(5 X 24 V). I have tested a number of the receivers and the maximum open circuit voltage 
I have obtained is approx. 19.5 V. 
When looking at the list of approved inverters from the Australian Business Council of 
Sustainable Energy I notice that in general the higher power inverters (>5000W) have a lower 
voltage rating starting around the 200 V mark and I am not sure if I would be pushing the 
boundaries to far on the capabilities of the receivers if I connected say 10 receivers in series in 
a string. 
The design process is a lot simpler if the receivers can withstand higher voltages but if not I 
will just have to design a system with many parallel strings at a lower voltage. 
Hoping you can shed a little light for me here. 
 
Regards Reg  
  
Hello Reg, 
  
I'm glad to hear that Murdoch Uni is persisting with the technology. I no longer work at ANU 
so I don't have access to records, the best contact at ANU is James Cotsell but he is away on 
holiday for the next few weeks. 
The receivers at Rockingham were not extensively tested so I can't answer your question with 
a high degree of confidence and I'm not prepared to be held liable for any resulting damage. I 
can only provide comment based on my best recollection. 
The receivers fitted to the Rockingham system had very rudimentary cell bypass diodes fitted 
(with no direct heatsinking). Its important that each receiver has an external bypass diode 
provided. In principle a 10 receiver string is feasible if the external diode is fitted. It would be 
advisable to trial the configuration before committing to a particular inverter. 
  
Regards 
John 
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Appendix D Correspondence Thistle Engineering 
 
From: John Hutchison [mailto:johnh@thistlefab.com.au]  
Sent: Wednesday, 3 March 2010 2:39 PM 
To: Edwards, Reg 
Subject: Murdoch University PV System 
Reg, 
I have revised my budget price based on our conversation on site last week for the repair work 
required and the supply and installation of the shafts, plumber blocks, etc as requested. 
I have made several changes to this budget based on the fact that a schedule or rates would 
not be acceptable, this price comes to a total of Seventeen Thousand, Nine Hundred and Sixty 
Dollars ($17,960.00) plus 10% GST. 
Price Includes 
•  Supply and machining of 4 x shafts, 4 x mounting plates and 4 x plumber block 
bearings.  
•  Supply of miscellaneous materials and fasteners to carry out the repairs.  
•  Supply of a crane and dogman to assist with the installation of the system for the new 
shafts, etc.  
•  Labour to install and align shafts, mounting plates and plumber block bearings.  
•  Labour and consumables for the repair work and assembly.  
•  Mobilisation and demobilisation.  91 
 
Too install the shafts, etc I have allowed for 2 trades x 2 days. The crane and dogman 
allowance is only for normal working hours only, which includes travel too & from site. An 
estimation of 2 trades for 6 days (Monday to Friday) has been allowed for repairs and 
assembly. 
Any item not mentioned in the inclusions above would be charged at cost plus 10%. 
Should Thistle personnel or any contractors working under Thistle Fabrications instruction be 
prevented or stopped for carrying out the work through no fault of Thistle Fabrication there 
will be additional costs for stand down time. 
I hope this submission is to your satisfaction and should you have any questions please do not 
hesitate to contact me. 
Regards, John Hutchison 
Director Thistle Fabrication Pty Ltd 
8 Thorpe Way Kwinana WA 6167  
Ph: (08) 9419 7001 Fax: (08) 9419 7002 
Email: johnh@thistlefab.com.au 
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Appendix E Structural Issues with PV Array 
 
Layout of PV trough system to match structural issue photos and comments 
 
   
10 12 14 16
9 11 13 15
18 20 22 24
17 19 21 23
26 28 30 32
25 27 29 31
34 36 38 40
33 35 37 39
2 4 6 8
1 3 5 7
New grid connected PV trough system (40 Mirrors)
Pillar
1
Pillar
2
Pillar 
3
Pillar 
4
Pillar 
5
Pillar 
6
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Receiver 1, tech screw in place of bolt, only 2 
bolts installed 
 
 
Receiver 3, 3 tech screws in place of bolts, 
only 2 bolts installed, one of which is not 
fitted properly 
 
 
Receiver 4, 2 tech screws in place of bolts, 
only 2 bolts installed 
 
 
Receiver 13, tech screw in place of bolt at 
North side, underneath 
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Receiver 17, tech screw in place of bolt at 
North side, underneath 
 
 
Receiver 21, Bolt not in properly, North side 
underneath 
 
 
Receiver 28, tech screw in place of bolt, South 
end underneath 
 
 
Receiver 20, tech screw in place of bolt, 
South end underneath 
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Receiver 8, tech screw in place of bolt 
 
West of pillar 1, beam attachment bolt 
missing 
 
 
Receiver 10, tech screw in place of bolt 
 
 
Receiver 12, tech screw in place of bolt 
 
 
 
Receiver 13, tech screw underside of mirror 
 
 
Receiver14, tech screw underside of mirror 
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Section of beam for tilt, just east of pillar 3, 
bolt missing, this is a main structural bolt that 
is missing 
 
 
Movement tracking device, parts missing and 
not bolted on 
 
 
Limit switch mechanism broken 
 
 
West of pillar 3, loose bolts on support for 
moving beam 
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Receiver 17, tech screw in place of bolt 
 
 
In between pillars 3 and 4, support bolts loose 
on beam 
 
 
Receiver 21, 2 tech screws in place of bolts 
underneath for mirror and only 3 bolts 
holding receiver up 
 
 
Receiver 21 and 22, loose bolts on main 
assembly at top 
 
 
Just left of pillar 4, loose bolts on support 
structure 
 
Receiver 28, tech screw in place of bolt 
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Receiver 27, tech screw in place of bolt 
 
 
Receiver 33, 2 tech screws instead of bolts 
 
 
Receiver 34, tech screw instead of bolt 
 
 
Receiver 39, tech screw in place of bolt 
 
 
Receiver 40, tech screw in place of bolt 
 
 
Receiver 36, bolt not attached, just loose in hole 
Receivers 7,29,30,31 and 37, only 3 bolts supporting instead of 4 99 
 
Appendix F Small PV System Mechanical Communications with Thistle Engineering 
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Appendix G Renewable Small Scale Application Form 
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Appendix H Suitable Inverters Electrical Specifications 
 
 
 
 
 
 
 
 
 
 
Inverter Model 
Max DC 
Power(W) 
Max DC 
voltage(V) 
PV voltage 
range 
MPPT(V) 
Max input 
current(A) 
MPP 
trackers 
AC 
Output(W) 
Max 
Efficiency(%) 
                SB 5000TL  5300  550  125-440  2 x 15  2  5000  97% 
Sunteams 2800 
 
500  110-480  13  1  2800  99% 
SB4000  4200  550  125-440  2 x 15  2  4000  96.4 
Powador 2002  2000  600  125-510  14.3  1  1650  95.9 
Powador 150x1  2000  500  125-400  14  1  1650  95 
Eversol -TL 
2000AS  2300  500  125-450  18  1  2000  97.1 
PVI-3.6-OUTD-
AU  4150  590  120-530  16  2  3600 
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Appendix I Risk Assessment Form 
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